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SUMMARY
Factor analysis was applied to batch shake-flask 
fermentation for cytochrome P-450 by S.cerevisiae 
N.C.Y.C.240 allowing a screening of the experimental 
variables temperature, pH,fractional filling of the flask 
and the initial concentrations of glucose,yeast extract, 
mycological peptone and sodium chloride.
All the variables submitted to the factor analysis 
were found to be relevant to the cytochrome P-450 
cost-yield.
The cost-yield of the cytochrome P-450 in 
S.cerevisiae N.C.Y.C.240 was then optimised in 
shake-flask with respect to all of the above-mentioned 
culture conditions except the fractional filling of the 
flask, using a half-replicate 2^ factorial and steepest 
ascent methods to locate the area containing the optimum 
cost-yield and using a rotatable composite design to find 
the optimum values of the experimental variables at the 
point of optimum yield. The enzyme cost-yield was improved 
by 125% over that of earlier workers and was influenced 
mainly by the concentration of the mycological peptone in 
the medium and the pH.
Optimisation by the same methods using different 
numbers of variables was then carried out on the variables 
temperature,pH, air flowrate, impeller speed, inoculum 
size and the initial concentration of glucose of the batch 
fermentation for cytochrome P-450 by the yeast 
S.cerevisiae N.C.Y.C.754, the high-yielding component 
of S. cerevisiae N.C. Y.C.240, in a 4-litre
stirred-tank fermenter which was equipped with a 
microprocessor control in the final part of the work. The 
optimisation gave a 73% improvement in the cytochrome 
P-450 volume-yield. The enzyme yields were strongly 
affected by the dissolved oxygen availability, which was 
controlled via the impeller speed. The accuracy of te 
microprocessor control was largely responsible for the 
success of this optimisation.
Optimisation of the time-profiles of the variables 
temperature, pH and impel1er speed predicted a further 
improvement of 113% but this has not been tested due to a 
failure in the medium.
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CHAPTER 1
GENERAL INTRODUCTION.
GENERAL INTRODUCTION. *
Fermentation has been practised since the earliest of 
times and the process has been continually improved with 
time. What began as a simple fermentation for alcohol has 
now developed into large-scale multi-million pounds 
businesses involving complex processes and extensive 
organisations.
The word fermentation itself has acquired a new 
meaning, and it is now taken to mean not only those 
processes where there occurs a chemical reaction catalysed 
by enzyme systems which are themselves produced during the 
growth of microorganisms, but also those biological 
processes where the required product is the biomass itself.
The researches and subsequent developments of complex 
processes resulting in the production of such precious and 
valuable products as antibiotics or the mass-production of 
cheaper food products such as single-cel1 proteins have 
rendered the greater sophistication and control of these 
processes a potentially economically-rewarding exercise.
The development on the optimisation and control of 
batch fermentations for non-biomass products in recent 
years have concentrated on many areas. The most basic of 
optimum control is the constant set-point control. The 
ultimate optimum control in batch fermentation is the 
continuous optimum profile control. In this respect the 
development in the optimisation and control of batch 
fermentation in recent years have produced variations in 
the modes of control which are in between the two extremes 
mentioned above.
Whilst there are many references on the other 
variations of modes of control, very little has been 
published on the continuous optimum control of batch 
fermentations (only six references).
In almost all cases of the development of new 
fermentation processes, optimisation has to start at the 
earlier stages and continues to be necessary at every stage 
~of the scale-up.
The development of a new fermentation process takes
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place 'in three principle areas ? organism development, 
medium development and fermenter development.
The"aims of the reported work were three:
Firstly it was aimed to analyse and optimise the 
production of the enzyme cytochrome P-450 in batch 
fermentations with respect to. certain controllable 
variables. It was intended to use this work to extend the 
constant set-point control optimisation by taking into 
account the effect of the interactions between the control 
variables on the yield of cytochrome P-450. It was also 
intended to use this work to extend the time-profile 
control optimisation by controlling more variables than has 
been done previously.
The production of the intracellular enzyme by the
yeast S.cerevisiae was chosen for study for various
reasons. The cytochrome P-450 being an intracellular enzyme 
can serve as a useful model for other intracellular 
products. It can be used as a tracer to study the kinetics
of the fermentation of intracellular products in general.
This is so because cytochrome P-450 could be assayed 
fairly conveniently, with a potential for continuous assay 
development. The yeast itself is currently intensively 
investigated with respect to genetic engineering. This work 
may also be useful in gaining understanding of glycoprotein 
synthesis in yeast.
Cytochrome P-450 is itself a new product with many 
potential uses. Much research work is currently being 
carried out on this enzyme both in U.K. and overseas. The 
production of large quantities of cytochrome P-450 is 
needed for these research work to be carried out on at this 
and other universities.
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CHAPTER 2 
A REVIEW ON RELEVANT PUBLICATIONS.
II
2.1 INTRODUCTION.
Biotechnology is a multi-disciplinary field and the 
success of a research work in this field depends on the 
appreciation of the subject from the point of view of the 
various disciplines that it involves. In the case of the 
optimisation of the production of the enzyme cytochrome 
p-450 from yeast in particular, the biochemical knowledge 
of the process is just as crucial to the success of the 
optimisation as the mathematical and computational 
knowledge that is needed for the optimisation itself. In 
this chapter the biochemical knowledge that is relevant to 
the process is reviewed. This will form the basis of the 
optimisation work where the mathematical theories which are 
relevant will be explained in parallel with their 
application.
2.2 THE OCCURENCE AND CHARACTERISATION OF CYTOCHROME P-450.
Cytochrome P-450 is the name first given to a complex 
mixture of enzymes in the liver which are responsible for 
the metabolism of drugs and other xenobiotics (Parke, 
1975). The name cytochrome P-450 derives from the 
characteristic and readily-detected peak at 45 0nm. observed 
when the reduced (Fe2+) form of the enzyme frcm animal 
tissues (such as the liver) binds carbon monoxide (King 
et al. 1982a). Nowadays the name cytochrome P-450 refers 
specifically to the haemoprotein part of a mixed-function 
oxygenase system which is found in a great variety cf 
organisms (Trinn et al. 1982).
The structure and functions of this mixed-function 
oxygenase system in the mammalian cells has been studied by 
Gunsalus et al. (1975), Ishimura (1978) and Smith and
Davies (1980). The system has been found to be involved in 
different hydroxylation and dealkylation reactions on 
certain drugs, steroids, fatty acids and carcinogens.
The mammalian cytochrome F-450 exists in many forms 
(King et al. 1982a). Two main forms of the mammalian 
cytochrome P-450 are currently attracting"great interest. 
The/normal cytochrome P-450 form is a broad-specificity
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enzyme ' with more than one thousand known substrates. It 
detoxifies certain drugs and xenobiotics by hydroxylating 
or dealkylating them prior to further conjugation by other 
enzymes, which is then followed by excretion of the more 
polar forms. A narrow specificity cytochrome P-448 form of 
the enzyme, showing spectral peak at 448nm., affects the 
activation (biological potentiation) of the
"pro—carcinogen" that is ingested into the mammal, rather 
than its detoxification (King et al. 1982a).
Cytochrome P-450 is also found in a variety of 
microorganisms (bacteria, yeast and other fungi) as listed 
by King (1983). Cytochrome P-45 0 was first detected in the 
yeast Saccharomyces cerevisiae by Lindenmayer and Smith 
(1964). Since this initial report, several studies have 
been made on the enzyme mainly concerning its 
characterisation and concerning the identification of the 
conditions in which it is produced. The components of the 
complete enzyme system from the yeast S.cerevisiae has been 
isolated and characterised by Yoshida et al._ 
(1974a,1974b,1975) who proved that the system is analogous 
to the electron transport system of the liver microsomes.
The enzyme from the yeast S.cerevisiae strains 
N.C.Y.C.240 and N.C.Y.C.754 has a narrow specificity and 
has a spectral peak with CO at 449nm. Both of these facts 
make it more analogous to the mammalian cytochrome P-448. 
For convenience, however, it is referred to as cytochrome 
P-450 (King et al ,1982a). Azari and Wiseman (1981) gave the 
molecular weight of this enzyme as 55,000 based on the 
estimation by SDS-polyacrylamide gel electrophoresis.
Knowledge of the cytochrome P-450 from yeast is still 
very limited compared to that on the mammalian cytochrome 
P-45 0 and in the effort to look for more, the knpwledge of 
the mammalian cytochrome P-450 has been and will be very 
important in giving the right approach to the subject and 
for the comparison of results.
2.3 PRESENT AND POTENTIAL USES OF CYTOCHROME P-450.
Although most of the earlier studies on cytochrome 
P-450 have been done using the mammalian cytochrome P-450,
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the particular field of the potential and present uses of 
cytochrome P—450 is perhaps an exception in that there are 
now apparently more references on the present and potential 
uses of microbial cytochrome P-450 than there are on the 
present and potential uses of the mammalian cytochrome 
P-450. The more work done on the microbial cytochrome P-450 
in this particular field might have been on account of the 
better possibility of the mass-production of the microbial 
cytochrome P-450 as compared to the mammalian cytochrome 
P-450.
In their review on the possible uses of microbial 
cytochrome P-450 King et al. (1982a) drew an analogy with 
the mammalian cytochrome P-448 which activates many drugs 
and carcinogens within the body and suggested that 
microbial cytochrome P-450 may find uses in the preparation 
of drug metabolites for the separation and identification 
of these drugs. The microbial cytochrome P-450, which 
displays a high specificity for benzo(a)pyrene, has a possible 
use in the detection of low conce ntrations of the 
carcinogen. Lintas et al. (1979) and King et al.(1982a)
envisaged the use of cytochrome P-450 in the specific 
measurement and removal of the carcinogen benzo(a)pyrene in 
certain foodstuffs where it is present in relatively high 
levels, such as smoked and toasted foods. Removal of this 
and other carcinogens can be effected by activating using 
cytochrome P-450 (i.e.producing the reactive metabolites) 
which can then be rapidly removed from the food or water by 
combination with other substances present.
Recently it has been discovered that several of the 
cytochrome P-450 enzymes in mammals, plants and 
microorganisms are targets for inhibition by an increasing 
number of useful chemotherapeutic and agrochemical 
compounds (Coulson et al. 1984). This discovery that the
working mechanisms of drugs in mammals and fungicides in 
plants involve reactions with cytochrome P-450 has 
far-reaching implications and increased the list of 
possible uses of cytochrome P-450 from both mammalian, 
plant and microbial source.
Some of the possible uses of cytochrome P-450 involve
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reactions which are specific to enzymes from certain 
sources. These reactions are best dealt with under the 
heading of the sources of the enzymes.
2.3.1 CYTOCHROME P-450 FROM BACTERIA.
The bacteria Pseudomonas putida has been found to 
contain cytochrome P-450 which takes part in the 
degradation of unused carbon sources, as in the 
camphor-hydroxylating system P-450 (Hedegaard and Gunsalus, 
1965). Another bacteria, Corynebacterium sp. is able to 
oxidise n-octane to 1-octanol and octanoic acid by using 
cytochrome P-450 as one of the catalysts (Cardini and 
Jurtshuk, 1968). These reactions have however not been
utilised in any useful way.
2.3.2 CYTOCHROME P-4 50 FROM FUNGI OTHER THAN YEAST.
Some potentially useful reactions involving cytochrome 
P-450 also take place in various non-yeast fungi, although 
few potential uses have so far been suggested for these 
reactions. Cytochrome P-450 has been found to take part in 
the degradation of unused carbon sources in the fungus 
Cunninghamella bainieri (Ferris et al. 1975). In Claviceps 
purpurea, cytochrome P-450 was found to be responsible for 
the rate-determining step in the alkaloid synthesis by this 
fungus (Ambike and Baxter, 1970). Another cytochrome P-450 
from the fungus Nocardia sp. is capable of 
p.o‘dealkylation reactions (Broadbent and Cartwright, 1974).
King et al. (1982a) suggested that fungal cytochrome 
P-450 may be useful in the manufacture of steroids and 
alkaloid derivatives.
2.3.3 CYTOCHROME P-450 FROM YEASTS OTHER THAN S.CEREVISIAE.
Most of the reported work on the potentially useful
reactions involving cytochrome P-450 have infact been 
carried out on yeast cytochrome P-450. As in some bacteria 
and fungi, cytochrome P-450 in yeast also take part in the 
degradation of unused carbon sources. The cytochrome P-450 
containing system--of Candida tropicaiis-has been shown to 
be capable of converting fatty acids to theirTv-hydroxy
derivatives and of converting n-alkanes to primary alcohols 
(Lebeault et al. 1971). The hydroxylating ability of the 
cytochrome P-450-containing system from this yeast may be 
of future industrial value, depending on their specificity 
(Wiseman, 1977).
The conversion of hexadecane to 1-hexadecanol using 
cytochrome P-450 (Candida) and NADPH has since been 
patented by Shunk et al. (1979). King et al. (1982a)
suggested that the cytochrome P-450 from this Candida 
may also be useful in the manufacture of particular long 
chain alcohols from hydrocarbons since the cytochrome P-450 
will oxidise the terminal carbon atom of the hydrocarbon. 
This opens the possibility of detergent manufacture using 
this enzyme.
2.3.4 CYTOCHROME P-450 FROM THE YEAST S.CEREVISIAE.
Apart from the property which it has in common with 
the mammalian cytochrome P-450 where it activates many 
drugs and carcinogens (section 2.3), the yeast cytochrome 
P-450 has been known to be involved in some other 
potentially useful reactions. Callen and Philpot (1977 ) 
reported that the yeast S.cerevisiae (strains D4 and D5) 
grown under conditions that caused the accumulation of 
cytochrome P-450, was able to produce gene conversion. 
Cells from the strain D4 were capable of metabolising 
aflatoxinB1 , dimethylnitrosamine,yf-naphthylamine, ethyl 
carbamate, cyclophosphamide and dimethylsulphoxide to 
products which are active genetically in the same cells, in 
a process attributed to cytochrome P-45O-dependent 
mixed-function oxidation.
In 1982 King et al. (1982b) discovered that the
spectrum of S.cerevisiae was in fact the result of several 
different peaks close together, each representing one 
particular enzyme, which may therefore exhibit different 
specificities, and these specificities may even overlap. 
This discovery became all the more important when in 198 4 
Coulson et al. (1984) reported on the existence of
”selective" cytochrome—P-4 50 , which exis.t-in.-S-. cerevisiae. 
The importance of these "selective" cytochrome P-450 from
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S.cerevisiae came to light when a number of imidazole and 
triazole compounds which are marketed as medical and 
agricultural fungicides were found to give type-II binding 
spectra with cytochrome P—450 from S.cerevisiae, indicating 
an interaction with the cytochrome P-450 haem group. This 
opens the possibility of important applications of 
cytochrome p-450 from S.cerevisiae in the agricultural and 
medical fields.
In the agricultural field where plant growth 
regulatory compounds are important in the commercial 
control of crop growth, several triazoles and pyrimidine 
derivatives have been shown to exert a plant growth 
regulatory action via reactions which are inhibited by CO. 
This inhibition is relieved by light which exerts a maximal 
effect at 450nm., implying the involvement of cytochrome 
P-450 (Coulson et al. 1984 ) . In man, the hormone
androstenedione controls the oestrogen/androgen balance. 
Oestrogen-dependent mammary cancers may respond to such 
inhibitors as androstenedione. Recently, it has been shown 
that the drug noresthisterone can inactivate 
androstenedione. The drug noresthisterone has in turn been 
shown to modify rat-liver cytochrome P-450 at high
conce ntration (Coulson et al. 1984). Whether the
cytochrome P-450 from S.cerevisiae can replace the plant 
cytochrome P-450 and/or the rat-liver cytochrome P-450 in 
the two cases above has not been examined, but the fact 
that some of the marketed chemotherapeutic and agrochemical 
compounds showed the type-II binding spectra with
cytochrome P-450 from S.cerevisiae as mentioned above 
indicates quite a promise.
2.4 CYTOCHROME P-450 AS A MODEL OF AN INTRACELLULAR PRODUCT 
FROM YEAST.
Quite apart from all the present and potential uses of 
cytochrome P-450 from S.cerevisiae which have been outlined 
in the previous subsection, cytochrome P-450 from
S.cerevisiae offers a good model of an intracellular 
product on which fermentation kinetics studies can be 
carried out. The cytochrome P-450 can be easily assayed in
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the intact yeast cells and there is even the possibility of 
developing a continuous assay for the enzyme.
Besides being a useful model of fermentation for an 
intracellular product, studies on the optimisation of and 
kinetics of yeast fermentation for an intracellular product 
will be useful particularly in view of the usefulness of 
the yeast S.cerevisiae itself in the field of genetic 
engineering. The yeast S.cerevisiae has to date been found 
to be particularly useful in genetic engineering work
because it was the first yeast to be known to bear plasmids 
in its genetic make-up. These tiny coils of DMA are crucial 
for genetic manipulation because they can be taken out of 
the organism, tampered with genetically, and reinserted to 
confer new characteristics (Coghlan, 1984). A recent 
success is the synthesis of interferon using the yeast by a 
team from Oxford University. The production of many more 
intracellular compounds by the yeast is in theory possible.
2.5 YEAST STRAIN SELECTION.
The family of yeasts has been classified into
different genera and each genus has been subdivided into 
species.Each species has been divided into different strains.
Optimisation in terms of the available potential 
organisms implies the screening of the various potential 
organisms so that the best-yielding organism can be 
selected. In the area of organism development, optimisation 
implies the development of efficient, high-yielding strains 
(Bushel1, 1983). This is normally done by genetic methods 
such as gene insertion and mutation.
In the case of the production of cytochrome P-450, no 
previous work has been done on organism development and
screening the various available strains. However, the data
that have been accumulated by virtue of people working with 
different: strains might given us the opportunity to do a
limited screening.
In cytochrome P-450 fermentations, the yield of 
cytochrome P-450 in nmol. per litre which needs to be 
optimised is itself the result of the cytochrome P-450 
yield in nmol. per g. dry yeast multiplied by the biomass
V
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yield i'n g. dry yeast per litre. Both the cytochrome P-450 
yield in nmol. per g. dry yeast and the biomass yield in g. 
dry yeast' per litre are therefore important.
Before going into the discussion, there are certain 
concepts which the biochemist has taken as standard but 
which need clarifying because to the engineer's mind the 
reasons for this might not be very obvious. The first 
concerns the use of the term "wet weight" to describe the 
fermentation results. The second concerns the use of 
platinum-wire - loop-sized inocula to represent the use of 
identical conditions in the replication of cytochrome P-450 
fermentations in shake-flasks.
In shake-flask works on cytochrome P-450 fermentation 
the cytochrome P-450 yield is often quoted as nmol, of 
cytochrome P-450 per g. wet weight of yeast and very few 
workers give the equivalent yield in nmol, per g. dry 
weight of yeast or a conversion factor to calculate it 
with. Wet weights are determined after centrifuging a known 
volume of culture under a known centrifugal acceleration 
(usually expressed as multiples of the acceleration due to 
gravity) for a specified duration and decanting the 
resulting supernatant. Because centrifuges are made 
differently, and because each worker may choose a different 
duration, discrepancies in results can be caused. In 
discussing such results, we need to make the assumption 
that the differences which result from the 
above-mentioned causes are not significant.
The normal inoculum that is used for shake-flask is 
the platinum-wire-loop-sized inoculum. This inoculum is 
taken from slope cultures and inoculated into the medium at 
two loops per 100ml. of medium (Lim; 1977, Woods? 1979, 
Gondal; 1979, King? 1983). Another method makes use of one 
whole slope culture to inoculate 1000ml. of medium 
(Karenlampi et al. 1981). In either case the differences in 
the size of the inoculum in a loop or the size of the 
inoculum in a slope culture has to be assumed to have no 
significant effects.
With the above assumption in mind, the information 
that is available on the yeast strains is given in table
2.1. ît is immediately apparent from this table that 
different workers working with the same yeast strain have 
achieved different results. Furthermore, most of these 
workers did not note down the biomass yields of their 
fermentation runs, making it impossible to calculate the 
cytochrome P-450 yields in nmol. per litre.
Karenlampi et al. (1980) have used an identical medium 
composition to King (1983) to grow their S.cerevisiae 
N.C.Y.C.700 but achieved a yield of 9.0 nmol, per g. wet 
yeast while King (1983) only managed to get a yield of 4.0 
nmol, per g . wet yeast. The oxygen availability was not 
indicated in the case of Karenlampi et al. (1980). There is 
therefore the possibility that the difference in the yields 
as above was caused by differences in oxygen availability.
King (1983) used identical conditions to Qureshi 
et al. (1980) for growing S.cerevisiae N.C.Y.C.239 , but he 
achieved a much lower cytochrome P-450 peak than Qureshi 
et al. (1980 ) and this lower peak was also observed at a
much earlier time than that of Qureshi et al. (1980). One 
possible reason for this difference is that the strain 
N.C.Y.C.239 might actually consist of more than one strain 
and the ratio of the strains making up N.C.Y.C.239 might 
vary, giving it different properties. None of these 
hypotheses has however been proven.
That yeast with the same specific name and strain 
number may yet be different in their cytochrome P-450 
yields has been shown to be possible in the case of 
S .cerevisiae N.C.Y.C.240. This yeast has recently been 
shown to be a mixture of two different strains namely 
N.C.Y.C.753 and N.C.Y.C.754, the latter giving a much 
higher yield of cytochrome P-450 than the former (King 
1983). The strain N.C.Y.C.240 from one particular sample 
has been shown to contain N.C.Y.C.753 as the 20% component 
and N.C.Y.C.754 as the 80% component. The stability of 
these proportions has not, however, been looked into. It is 
thus possible that one reason for getting different yields 
from such a yeast is simply the different proportions of 
the components that make-up the strain.
What is also apparent from all these results is that a
t
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strict 'comparison between strains is not possible because 
the fermentation conditions in which these results were 
obtained ' have not been optimised with respect to the 
individual strains or at least standardised. Optimisation 
of the medium and fermentation conditions is therefore 
necessary as a first priority. From the available choice, 
the strain N.C.Y.C.754 was chosen on the basis of 
suitability since all the work on cytochrome P-450 in the 
University has been carried out on cytochrome P-450 from 
the strain N.C.Y.C.240, of which strain N.C.Y.C.754 is the 
high-yielding component. Before the discovery of strain 
N.C.Y.C.754 in 1982, initial works were carried out on the 
strain N.C.Y.C.240 for the same reason.
2.6 FERMENTATION TIME IN BATCH CYTOCHROME P-4 50
FERMENTATIONS.
The fermentation time refers to the time taken from
the start to the end of a fermentation run when the product 
can be harvested. In batch fermentations for cytochrome 
P-45 0 the yeast is harvested when the highest concentration 
of cytochrome P-450 per litre has been achieved, this being 
indicated by the subsequent drop in the cytochrome P450 
concentration, in nmol, per litre, with time.
The "peak time" in a cytochrome P-4 50 batch 
fermentation refers to the time taken, from the start of 
the fermentation, to reach the highest concentration of 
cytochrome P-450 per g . dry weight of yeast. The cytochrome 
P-450 peak time of a batch run inside the stirred-tank 
fermenter does not normally coincide with the time that the 
biomass yield first reache8 its maximum value. If for any 
reason there occurs a declining phase of biomass growth, 
such as in the case of autolysis of the yeast cells, 
there is a different "peak time" for the biomass yield, 
which is defined as the time taken, from the start of the 
fermentation, to reach the maximum concentration of yeast
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biomass'in g. dry weight per litre. The fermentation time 
will then be a value which is a compromise between the two 
peak times.
As mentioned in the last subsection (2.5) most workers 
did not report on the biomass yield, let alone the time 
that the biomass yield first reached its maximum value. For 
this reason, it has not been possible to compare the 
published data on the basis of the fermentation time based 
on the yield of cytochrome P-45 0 in nmol, per litre.
Most of the data as listed in table 2.1 give the peak 
value and the peak—time cytochrome P-450 yield in nmol, per 
g. wet yeast. From the data, it can be seen that there are 
enormous variations shown by different strains, and by the 
same strain grown by different workers. Under identical 
conditions of shake-flask culture with
platinum-wire-loop-sized inoculum S.cerevisiae N.C.Y.C.240 
gave the cytochrome P-450 peak after about forty hours of 
growth. S.cerevisiae N.C.Y.C.700, N.C.Y.C.406 and
N.C.Y.C.108 each gave its peak at a much earlier time of 
between sixteen to twenty-two hours (King 1983). Although 
platinum-wire-loop-sized inocula are by no means constant 
in their sizes, such large differences in cytochrome P-450 
peak times could not be attributed solely to different 
inoculum sizes and this points to the different strains 
being used. The subject of the inoculum will be referred to 
again in the next section (section 2.7).
The difference in the cytochrome P-450 peak time and 
yield of the same strain grown by different workers in the 
case of S.cerevisiae N.C.Y.C.239 has been discussed in the 
last section (section 2.5).
The rapid production of cytochrome P-450 and biomass 
by S.cerevisiae N.C.Y.C.240 by Woods (1979) as shown in 
table 2.1 was achieved by using a relatively very large 
inoculum; about 33.3g. wet weight of yeast per litre of 
medium.
Table 2.1 also shows the variations that exist between
the published data of the yield of cytochrome P-450 per g .
wet weight of yeast that can be achieved per unit time.
Ideally, data of yields in nmol, cytochrome P-450 per
ï
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unit cost per unit time for the optimised, or at least 
standardised versions of the fermentations using each 
strain should be available before a choice between strains 
can be made. With the available data a choice cannot 
strictly be made due to the non-availability of the 
above-mentioned data values. As an example, although the 
rapid „ production of cytochrome P-450 by S.cerevisiae 
N.C.Y.C.240 (Woods, 1979) gives the highest yield in nmol. 
cytochrome P-450 per g . wet yeast per unit time, it is 
possible that other strain may give an even higher yield if 
grown under the same conditions. S.cerevisiae N .C.Y.C.240 
and later S.cerevisiae N.C.Y.C.754 have been chosen for 
this work based on their suitability in relation to the 
work for which it would be used, as has been mentioned 
previously.
2.7 INOCULUM PREPARATION IN BATCH CYTOCHROME P-450
FERMENTATIONS.
In fermentation, inoculum development involves the 
determination of the correct size and age of inoculum to be 
used and the method for its preparation. Each of these 
factors may have, an important effect on the production of 
cytochrome P-450 by batch fermentations. This section 
considers this topic based on the previous works on this 
fermentation.
The inoculum that has been used widely for batch 
shake-flask cultures is the platinum-wire-loop-sized 
inoculum. Gondal (1979) prepared this type of inoculum by 
growing the yeast on S ubourad dextrose agar slopes at 30°C 
for three days. The slope inocula prepared in this way 
can be stored at 4°C for a maximum of two weeks before 
being used (King, 1983). The inoculation is done by 
transferring the yeast culture into the culture medium by 
using a flame-sterilised platinum wire with a loop at the 
end, at two loops per 100ml. of medium.
Karenlampi et al. (1981) used a whole slope culture to 
inoculate one litre of medium in their batch shake-flask 
cultures. In their case the slope—cultures-had previously 
been grown for two days at 30°C.
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THe biggest inoculum (per volume of culture medium) 
that has been used for a batch culture was the 33*3 6- wet weight 
per litre by Woods (1979). The inoculum was grown from 
slope culture in a medium with 5.0g. per litre glucose 
initial concentration in shake-flasks and harvested after 
forty-eight hours. The yeast was then washed once in lOOmM. 
citrate/phosphate buffer pH 5.8 and used to inoculate the 
shake-flask culture. Using this procedure the biomass was 
observed to grow without a lag phase and reached its 
maximum net concentration of 100g. wet weight per litre 
after ten hours, with cytochrome P-450 being synthesised 
simultaneously and reaching its peak at the same time of 
ten hours. This was a rather suprising result since 
shake-flask cultures with.platinum-wiro-loop-sized inocula 
seldom gave biomass yields of more than 50 wet weight per litre 
(Lim, 1977 ). It was also not consistent with the results of 
Strehaiano ■..^—-3-— -. ( 1983) which showed a decrease in the
maximum specific growth rate and a decrease in the net 
biomass yield with the increase of inoculum size in the 
particular case of alcohol fermentations.
The use of a "large-enough" inoculum while it is still 
in the exponential growth phase can reduce or completely 
eliminate the lag-phase of a fermentation run (Brown and 
Zainudeen, 1978), thus shortening the fermentation time. 
Different-sized inocula used in batch fermentations result 
in different oxygen demand time-profiles and in 
fermentations where the dissolved oxygen availability is 
critical to the yield this can have significant effects.
In the batch fermentation for cytochrome P-450 
different workers have used different inoculum levels 
(table 2.1) and further, these levels were not even 
constant for any particular worker or group of workers in 
the sense that slope inocula are not constant in size.
There is therefore a need to determine the effect of
different inoculum levels in batch cytochrome P-450
fermentations and to determine the best inoculum level to 
be used in these fermentations.
 ^ 2-13
2.8 THE MECHANISM OF CYTOCHROME P-450 BIOSYNTHESIS IN THE YEAST
S.CEREVISIAE.
The mechanisms of cytochrome P-450 production in 
S.cerevisiae are at present not fully understood. The 
mechanisms that have been proposed so far (Karenlampi 
et.al. 1981, King et al. 1982a) are all incomplete and they 
seem to.disagree with each other.
King et al. (1982a) summed up their current 
understanding by stating that the accumulation of the 
enzyme in S.cerevisiae requires certain conditions all of 
which involve the repression of the biosynthesis of 
cytochrome a+a3 of the yeast mitochondrion. These 
conditions are high initial concentration of glucose in the 
growth medium, anaerobic growth conditions, addition of 
inhibitors (e.g. erythromycin and chloramphenicol) and the 
employment of respiratory-deficient mutants.
The level of cytochrome a+a^ in the yeast has been 
shown to be directly-related to the level of cyclic AMP in 
the yeast (Wiseman et al. 1978, Qureshi et al. 1980). The
level of cyclic AMP in the yeast has in turn been shown to 
be inversely-related to the concentration of glucose in the 
medium (Woods, 1979).
In summing up their understanding, Karenlampi et al.
(1981) however stated that the biosynthesis of cytochrome 
P-450 in yeasts was not necessarily linked with the 
repression of mitochondrial haemoprotein biosynthesis, 
cytochrome a+a^ included. This is in distinct 
disagreement with the understanding of King et al. (1982a) 
above.
Karenlampi et al. (1981) showed that cytochrome P-450
accumulated in yeast when the degradation of sugar in batch 
fermentation proceeded simultaneously via respiration as 
well as fermentation, such as when the carbon source was 
galactose, mannose or maltose. The presence of cytochrome 
a+ag could in this case be assumed because it is one of 
the respiratory enzymes (Perlman and Mahler, 1974). In 
addition, Perlman"and Mahler (1974) had shown that there is 
a phase in batch fermentations of S.cerevisiae which they
I,
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called ' "the fermentation phase of de-repression" where the 
concentrations of respiratory enzymes, including cytochrome 
a+a3, begin to increase. This happens when the
concentration of glucose in the medium has fallen to a 
low-enough value that glucose repression no longer applies. 
Our results in this work have shown that in some of our 
batch fermentation runs (chapter 6, table 6.29, for 
example) cytochrome P-450 continued to be produced when the 
glucose concentration has fallen to zero, i.e. past "the 
fermentative phase of de-repression" where cytochrome 
a+a3 would have increased in concentration (Perlman and 
Mahler, 1974). This supports the view of Karenlampi et al.
(1981) that the biosynthesis of cytochrome P-450 in
S.cerevisiae was not necessarily linked with the repression 
of mitochondrial haemoprotein biosynthesis .
It therefore appears that cytochrome P-450 can be 
formed in S.cerevisiae by more than one mechanism.
2.9 INDUCTION AND INHIBITION OF CYTOCHROME P-450
BIOSYNTHESIS IN S.CEREVISIAE.
Inducers of an enzyme are often analogues of its
substrate which are poor or inactive substrates for it
and/or for metabolism by the organism (Demain, 1972). A
wide variety of drugs, steroids, carcinogen and other
compounds induce the production of cytochrome P-450 in 
mammals (Conney, 1967).
Karenlampi et al. (1982) tested some of the substance 
that have been known to induce cytochrome P-450 in mammals, 
as well as some others, most of which are environmental 
pollutants, on S.cerevisiae to find out any evidence of 
cytochrome P-450 induction. The chlorinated compounds 
hexachlorophenol, 2, 4, 6-trichlorophenol, Kepone and
hexachlorophene were found to be toxic to S.cerevisiae 
(N.C.Y.C.240), and the toxicity increased with increasing 
number of chlorine atoms in the molecule.
3-Methylcholanthrene and phénobarbital neither
increased nor decreased the concentration of cytochrome
P-450 in S.cerevisiae. The latter conflicts with the
findings of Wiseman and Lim (1975) who reported that in
%
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S.cerevisiae (strain N.C.Y.C.240) there is a linear 
correlation between the added amount of phénobarbital and 
the level of cytochrome P-450 induced.
Another apparently conflicting result was that 
Karenlampi et al. (1982) found that with a glucose initial 
concentration of 5g. per litre in the medium there was an 
accumulation of cytochrome P-450, whereas Wiseman and Lim 
(1975) reported that there was no accumulation of 
cytochrome P-450 under similar conditions of glucose 
concentration. Karenlampi et al. (1982) suggested that this
may have been because the aeration was critical.
"Clomphen A6o" and "Lindane" increased the 
concentration of cytochrome P-4 50 in S.cerevisiae 
(N.C.Y.C.240) by 32% and 50% respectively while not 
affecting the biomass growth.
Karenlampi et al. (1982) also tested the
above-mentioned substances on yeasts of other genera and 
concluded that the induction of cytochrome P-450 in yeasts 
by a particular inducer is species-dependent and happens to 
a lesser extent than the induction of mammalian cytochrome 
P-450.
King et al. (1983) also tested 3-methylcholanthrene
and phénobarbital besides benzo(a)pyrene and
dimethylnitrosamine. In all their tests they used a high 
initial glucose concentration in the medium and found that 
’ each of these substances induced cytochrome P-450 in 
S .cerevisiae. In all cases of these inductions the increase 
in cytochrome P-450 observed was not more than 40% of the 
control experiment with no inducers added. The induction of 
cytochrome P-450 by 3-methylcholanthrene in this case is 
contrary to the earlier findings of Karenlampi et al.
(1982) above where 3-methylcholanthrene neither decreased 
nor increased the concentration of cytochrome P-450 in 
S.cerevisiae. King et al. (1983) had used 200.Og.per litre
glucose initial concentration as opposed to the 5.Og. per 
litre glucose initial concentration used by Karenlampi 
et al. (1982). In addition, Karenlampi et al. (1982) used
1.0 litre “ of medium in 3-litre" flasks while King et. al.
(1983) used 100ml. of medium in 250ml. flasks, giving
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different fractional filling of the flasks. The agitation 
and aeration effects in shake-flasks are determined by the 
fractional filling of the flask, for a given shake 
frequency and amplitude. This is because the amount of 
agitation that the medium receives and the surface area ot 
the medium that is in contact with the air are both 
functions of the fractional filling of the flasks. In each 
of the above cases the aeration and/or agitation would 
therefore almost certainly be different. It is thus 
possible that a certain agitation and/or aeration condition 
is needed to be present before 3-methylcholanthrene can 
induce cytochrome P-450 in S.cerevisiae.
Wiseman et al. (1976) showed that the detergent 
"Tween-80" is capable of increasing the level of cytochrome 
P-450 in S.cerevisiae N.C.Y.C.240 grown for forty-eight 
hours or more, but this effect was presumed to be due to 
the prevention of degradation rather than to increased 
biosynthesis after this time. Cytochrome P-450 can also be 
protected from destruction by transferring S.cerevisiae 
grown in 200.Og. per litre initial glucose concentration 
medium to a 200.Og. per litre glucose concentration 
non-growth medium (Gondal, 1979).
There is thus a potential increase in yield to be 
gained through induction and prevention of degradation of 
cytochrome P-450 in S.cerevisiae. The use of these 
substances in a production run will however need careful 
consideration bearing in mind that some of these substances 
are harmful to life and may be difficult to separate in the 
downstream processes.
2.10 THE EFFECT OF AERATION AND AGITATION ON CYTOCHROME 
P-450 BIOSYNTHESIS AND BIOMASS PRODUCTION OF 
S.CEREVISIAE.
2.10.1 INTRODUCTION.
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Aeration has long been pointed out as being an 
important factor affecting the appearance of cytochrome 
P-450 in ' S.cerevisiae (Lindenmayer and Smith; 1964 and 
Ishidate et al.; 1969a,1969b). However, most of the 
reported work on this subject failed to quantify aeration 
in any way which might enable it to be repeated by the 
reader. Such phrases as. "amount of aeration", "mild 
aeration" and "aeration rate" are common in the literature, 
but without any detailed specification. Therefore, this 
type of information can only indicate the general trends in 
the phenomenon without being able to point out where each 
trend begins and where it ends. Further, the effect of 
aeration has often been assumed to be independent from the 
effects of other variables that might be simultaneously 
influencing the process. In interpreting the information 
that is available in the literature, these limitations have 
therefore always to be borne in mind.
2.10.2 THE EFFECT OF AERATION ON THE BIOSYNTHESIS OF 
CYTOCHROME P-450 BY'S.CEREVISIAE.
The effect of aeration has often been studied by 
biochemists in the context of aerobic, semi-anaerobic and 
anaerobic growths. Aerobic growth is usually assumed in 
shake-flask cultures with low fractional fillings and
constant agitation, with air being able to diffuse through 
the cotton wool plugs of the flasks (King 1983). Strictly 
anaerobic growth is usually assumed in fully-filled flasks 
which are rubber-stoppered after stripping the dissolved 
oxygen and filling any air space with nitrogen (Ishidate 
et al. 1969a, King 1983) while for semi-anaerobic growth a 
rubber-stoppered fully-filled flask without
dissolved-oxygen stripping is usually assumed to be 
sufficient (Ishidate et al. 1969a). In these cases
agitation is provided by gentie-stirring of the broth
(Ishidate et al. 1969a, King 1983). For semi-anaerobic
growth gas exchange is allowed via a tubing through the 
rubber stopper while for strictly anaerobic growth the
tubing is blocked with water so that — evolved CO^  can get 
out but air cannot get in (Ishidate et.al. 1969a).
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ILirtdenmayer and Smith (1964) were the first to 
indicate that the biosynthesis of cytochrome P-450 is 
associated with semi-anaerobic growth. This was later 
supported by the results of Ishidate et al. (1969a, 1969b). 
Ishidate et al. (1969b) also showed that the cytochrome 
P-450 content of S.cerevisiae grown anaerobically decreased 
sharply on exposure to aerobic conditions.
The dissolved oxygen tension ("D.O.T.") in a 
cytochrome P-450 fermentation was first measured and 
controlled by Rogers and Stewart (1973). They controlled 
the D.O.T. at very low values using a solenoid valve 
control to admit air on demand into a stream of nitrogen 
which acted as the carrier gas. Since the fraction of
oxygen in the nitrogen-air mixture was not constant, the 
concentration of the dissolved oxygen which would be in
equilibrium with the mixture would also vary. Since the
probe measuring the D.O.T. was calibrated as zero when 
there was no dissolved oxygen and 10C% when the dissolved 
oxygen has reached equilibrium with the gaseous phase, and 
the equilibrium dissolved oxygen concentration was unknown 
and varying, the data values as percentage of saturation
D.O.T. that can be deduced from their data cannot be 
converted into absolute units of pressure. However, we can 
be certain that they would always be lower than what their 
values would be if the concentration of oxygen in the 
mixture were the same as in the atmosphere, since the gas 
mixture that they used always contained a smaller fraction 
of oxygen than the atmosphere.
On the assumption that their gas mixture was the same 
as the atmosphere, the D.O.T. values that have been deduced 
from their results were converted to partial pressures of 
oxygen. Rogers and Stewart (1973) found the highest 
cytochrome P-450 peak of about 64.0 nmol, per g .dry yeast 
occurring at D.O.T. of 0.17 mm. of Hg. The cytochrome P-450 
peak value decreased sharply on both sides of this D.O.T. 
optimum and at a D.O.T. of O.3S mm. of Hg. the peak 
cytochrome P-450 level was only about 7.70% of its maximum 
value while at a~ D.O.T.~'of 0.8$ mm. Hg ; '"no "cytochrome P-450 
could be detected. When there was no dissolved oxygen at
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all, a 'cytochrome P-450 peak of about 23.0% of the maximum 
value was detected. The optimum value of D.O.T. at 0.1? nun. 
of Hg. is only about 0.11 % of the D.O.T. when the dissolved 
oxygen is in equilibrium with the atmosphere.
2.10.2.1 The Interaction Between The Glucose Carbon Source 
And Aeration And Its Effect On Cytochrome P-450 
Biosynthesis In S.cerevisiae.
The effects of the interaction between the glucose 
carbon source and aeration on the biosynthesis of 
cytochrome P-450 in S.cerevisiae was first indicated by the 
results of Woods (1979). He noted that cytochrome P-450 
appeared to be produced in S.cerevisiae when either of two 
conditions exists; either fermentation is semi-anaerobic 
resulting from a low supply of oxygen, or the fermentation 
is aerobic but the glucose concentration in the medium is 
high.
Later the more thorough studies by Trinn et al. (1982) 
contributed a lot to explain this phenomenon. Trinn et al.
(1982) studied the phenomenon in continuous culture where 
they could achieve situations of glucose repression or 
de-repression by changing the dilution rate, thereby 
changing the residual glucose concentration. Aeration and 
agitation could also be controlled independently.
Using a low dilution rate such that the residual 
glucose concentration was low (i.e. O.lg. per litre) and a 
condition of glucose derepression existed, Trinn et al.
(1982) set the air flow rate to a relatively low value of 
0.05v/v/min. and did not get any cytochrome P-450, leading 
them to deduce that it is not possible to induce cytochrome 
P-450 formation by oxygen limitation alone. At a high 
dilution rate where the residual glucose concentration was 
higher and a condition of glucose repression existed, they 
tested several different volumetric air flow rates and 
concluded that in glucose-repressed conditions cytochrome 
P-450 occurred in the cells at significantly higher 
volumetric air flow rates compared to glucose depressed 
conditions and cytochrome P-450 was also'"present In bigger 
amounts in the former case.
Jr
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Trihn et al. (1982) also measured the D.O.T. in the 
medium and found that in glucose-repressed growth the cells 
contained cytochrome P-450 in significant amounts below a 
D.O.T. of 23.7mm. of Hg. The residual glucose concentration 
at this point was 3.7g. per litre. Using a medium with 
200g. per litre initial glucose concentration and a much 
smaller dilution rate than Trinn et al. (1982), Lim (1977) 
had earlier found that in his continuous culture 
S.cerevisiae gave maximum cytochrome P-450 levels when the 
D.O.T. was between 25.28mm. of Hg. and 47.40mm. of Hg. 
Although the residual glucose concentration in this case 
was not measured, it would almost certainly be different 
from the residual glucose concentration in the case of 
Trinn et al. (1982) above. The difference in the optimal 
D.O.T. value for cytochrome P-450 production in these two 
cases might be due to the effect of the interaction between 
aeration and the glucose concentration.
The above evidences have thus indicated that the
interaction between the glucose concentration and aeration 
has an effect on the yield of cytochrome P-450 in
S.cerevisiae. However, this effect has never been 
optimised.
2.10.3 THE EFFECT OF AERATION AND AGITATION ON THE BIOMASS 
PRODUCTION.
Most workers reporting on cytochrome P-450 fermentations using 
S. cerevisiae did not report on the "biomass data.
Roger and Stewart (1973) reported that in their batch 
fermentations using a medium containing an initial 
galactose concentration of 40 g. per litre the final 
biomass yield was less than 4 g . dry weight per litre,
with the growth rate increasing with increased D.O.T. in
the medium. Karenlampi et al. (1981) achieved a final
biomass yield of 9.Big. dry weight per litre by using a 
medium containing an initial concentration of mannose of 
501Og. per litre. In their experiments increased aeration
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generalLy resulted in increased final biomass yields and 
reduced cytochrome P-450 peaks. Trinn et al ., (1982) showed 
that one of the causes of the reduction of biomass yield in 
response to a decrease in D.O.T. (achieved by decreasing 
the air flow rate and/or impeller R.P.M.) was the 
corresponding increase in ethanol production.
The batch fermentations of Rogers and Stewart (1973) 
which gave the highest cytochrome P-450 peak (table 2.1) 
has a very small biomass yield while the batch 
fermentations of Karenlampi et al. (1981) which gave a much 
bigger biomass yield for a similar initial carbon source 
concentration in the medium has a relatively much lower 
cytochrome P-450 peak. As mentioned above, the aeration and 
agitation were among the variables responsible for these 
results. By optimising their effects a combination of high 
biomass yield and high cytochrome P-450 peak might be 
achieved*
2.10.4 THE INTERACTION BETWEEN AERATION AND/OR AGITATION 
AND COMPONENTS OF THE MEDIUM OTHER THAN GLUCOSE AND 
THEIR POSSIBLE EFFECTS ON CYTOCHROME P-450 
BIOSYNTHESIS.
The use of a complex medium containing peptone may 
involve some difficulties in the accurate specification and 
control of dissolved oxygen requirements in fermentations. 
Eckenfelder and Barnhart (1961) reported that trace amounts 
(in parts per million) of peptone affect the overall mass 
transfer coefficient of oxygen ("KLa") tremendously. 
Since peptone is normally made from various natural sources 
and not reconstituted from technical grade chemicals, 
variations do occur in its composition and this will in 
turn affect the K^a value for a given combination of 
aeration and agitation specification (e.g. stirrer speed 
and volumetric air flow rate).
In stirred fermenters, foaming has to be controlled to 
prevent loss of culture into the exhaust and clogging of 
the exhaust filter. This requires the use of either a 
machanicai foam-breaker device-— or the - in jeet-ion of 
foam-supressing chemicals (Winkler^1983). The introduction
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of an ai>tifoam into the medium interferes with the oxygen 
transfer into the medium via its effect on the KLa.,
In addition to the above effects, Bull and Kempe 
(1971) have shown that the coefficient for the absorption 
of oxygen from air to the free interface of soit water in 
stirred-tank fermenters containing a surface-active agent 
is strongly dependent on the instantaneous D.O.T. in the 
soft water, although this coefficient is independent of the 
instantaneous D.O.T. for soft water without surface-active 
agents. However, the experiment was not extended to 
fermentation media.
The above evidences have shown that the 
"effectiveness" of aeration in fermentation can be affected 
by various factors. In cytochrome P-450 fermentations where 
the optimum D.O.T. is very low and the tolerance on this 
specification is very small (Rogers and Stewart, 1973), the 
changes caused by these factors may be enough to cause a 
significant drop in the yield. In designing the control 
system for such a process allowances will have to be made 
for these effects to ensure that the optimum D.O.T. is 
maintained at all times.
2.10.5 THE EFFECT OF TIME-PROFILED OXYGEN AVAILABILITY ON 
THE BIOSYNTHESIS OF CYTOCHROME P-450 IN S.CEREVISIAE 
When S.cerevisiae N.C.Y.C.240 was grown aerobically 
for twenty-four hours and then semi-aerobically from then 
on, the cytochrome P-450 peak occurred much later and was 
much smaller compared to the control shake-flask which 
continued to grow in aerobic conditions (King, 1983). 
However, the cytochrome P-450 loss was slower in the former 
than in the latter. This slowing down of cytochrome P-450 
loss in semi-anaerobic conditions was probably due to the 
protection of the enzyme from degradation (Blatiak et al. 
1980). Conversely, in their experiments with a wild-type 
S.cerevisiae Ishidate et al. (1969b) had shown that the 
cytochrome P-450 content of the yeast grown anaerobically 
decreased sharply on exposure to aerobic conditions.
In another set of experiments with S .cerevisiae 
N.C.Y.C.240 using a high (200 ' g. per.litre) glucose
initial concentration medium King (1983) grew the yeast
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either aerobically throughout or semi-anaerobically 
throughout. He found that in each case the cytochrome P-450 
peaks occurred at about the same time and in each case the 
cytochrome P-450 was equally high. Why the change from 
aerobic to semi-anaerobic growth conditions (King 1983) or 
vice-versa (Ishidate et al. 1969b) caused a drop in the 
cytochrome P-450 peak value while each condition if used 
throughout gives high yields is not exactly known. Trinn 
et al. (1982) in trying to explain the hysteresis which
they observed on all measured parameters as a result of 
changing the volumetric air flow rates quoted the great 
flexibility of the yeast cells to adapt to different 
cultures conditions as a probable explanation.
Earlier (section 2.10.3) it has been indicated that 
the effects of changing the D.O.T. on the cytochrome P-450 
peak value and the final biomass yield go in opposite 
directions. The achievement of the optimum combination of 
high cytochrome P-450 peak and high final biomass yield 
might thus require the use of time-profiled control on the 
variables including the aeration and agitation. The points 
that have been discussed in this section may set the limits 
on the success of the time-profiled control (e.g. 
Constantinides j 1969 ) of the oxygen availability in 
cytochrome P-450 fermentations.
*
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2.11 THE «EFFECT OF TEMPERATURE ON THE BIOMASS AND CYTOCHROME.
P-450 PRODUCTIONS OF S.CEREVISIAE.
Temperature was among the earliest variables to be 
controlled in fermentations. The use of the correct 
temperature in fermentation is vital for the achievement of 
the optimum yields especially where the required products
are non-biomass.
Most workers from the University of Surrey (Lim, 1977; 
Gondal, 1979; Woods, 1979; King 1983; Azari, 1984) and from 
the University of Kuopio (Karenlampi et al. 1980 ;
Karenlampi et al. 1981 ; Karenlampi et al. 1982 ) and
Trinn et al. (1982) grow their yeast at 30°C. Lim
(1977) studied the effect of temperature on the biomass and 
cytochrome P-450 production of S.cerevisiae at as low 
a temperature as 25°C., although the optimum production 
in his case was at 30°C. The biomass yield was highest at 
30°C.
What is lacking from the work of these previous 
workers is that the effect of temperature has never been 
considered in terms of its interactions with other 
variables. Temperature has been shown to affect interfacial 
oxygen concentration (Winkler, 1981) and through this it 
would affect the oxygen transfer rate from the gas phase 
into the fermentation medium. Furthermore, the viscosity of 
the glucose-containing medium would almost certainly 
decrease with increasing temperature thus affecting the 
mixing efficiency.
All these interactions may well have their effects on 
cytochrome P-450 production in the fermentation.
2.12 THE EFFECT OF pH ON THE BIOMASS AND CYTOCHROME P-450
PRODUCTION OF S.CEREVISIAE.
pH is a measure of the concentration of hydrogen ions.
The reaction velocity of an enzyme is very dependent upon
the pH of the medium (Wiseman and Gould, 1971). Since
cytochrome P-450 is an enzyme and its formation
presumably is the result of several reactions catalysed by 
other enzymes, the formation of cytochrome P-450 in 
S.cerevisiae would be expected to be affected by the pH
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of the fermentation medium.
Lim (1977) studied the effect of pH variations in the 
continuous culture of S. cerevisiae N.C.Y.C. 240 at a 
constant dilution rate and found that cytochrome P-450 
production (in nmol, per g. wet yeast) was optimal ' at a pH 
of between 4 to 5. Below pH 3 or above pH 7 the cytochrome 
P-450 peak decreased markedly. Trinn et al, (1982) in their 
work on the continuous culture of S. cerevisiae Hi022 
controlled the pH at a constant set-point value of 5.0 
using minute additions of 4M NaOH on demand.
The pH in the batch cytochrome P-450 fermentation has 
never been controlled at a constant set-point value or 
time-profiled values. Karenlampi et al. (1981) adjusted
the initial pH of the batch shake-flask cultures by keeping 
it within the limit of pH 4.7 and pH 5.5.
Here again, the little that has been done on the 
effect of pH on cytochrome P-450 biosynthesis has been done 
on the assumption that pH does not interact with other 
variables and the effects on the interactions between the 
pH and other variables have never been studied. In 
addition, the effect of pH on the biomass yield in 
cytochrome P-450 fermentation has not been studied. There 
is therefore a lot more to be done particularly in terms of 
the optimisation of the effect of pH on the cytochrome 
P-450 yield in nmol, per litre.
2.13 THE EVIDENCE FOR AND AGAINST THE RELATIONSHIP BETWEEN 
CYTOCHROME P-450 BIOSYSTHESIS AND BIOMASS PRODUCTION 
OF S. CEREVISIAE.
State variables are those variables that describe the 
state of a system. In fermentations, examples of state 
variables are the biomass concentration, the substrate 
concentration and the product concentration. In batch 
fermentations the values of the state variables change with " 
the fermentation time (section 2.6) resulting in the 
time-profiles of these variables. These profiles can then 
be divided into distinct phases; for the biomass 
concentration time-profile for example, there are the lag 
phase, the exponential phase and the stationary phase.
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The* condition of glucose-repression has long teen 
recognised as being necessary for cytochore P-450
biosysthesis to take place (Wiseman et i U  1975 , Woods
1979, King et al. 1982a). However, in batch fermentations
the glucose concentration changes from a high value (i.e. 
glucose repression) to a low value (i.e. glucose
derepression) whereas the cytochrome P-450 concentration in 
nmol, per g . of yeast changes from a low value to the peak
value before dropping again. It therefore appears that the
glucose-repression exerts the cause early in the
fermentation but its effect can only be seen later when 
glucose—repression is no longer in effect, since the 
glucose concentration at the cytochrome P-450 peak time may 
be zero.
Wiseman et al. (1975 , 1978) showed that varying the 
initial glucose concentration in the medium between 10 g. 
per lit. to 200 g. per lit. did not cause the peak level 
of cytochrome P-450 in the yeast to vary significantly. 
However, the batch shake-flask cultures with smaller 
initial glucose concentrations reached their cytochrome 
P-450 peaks earlier than those with bigger initial glucose 
concentrations (Wiseman et al. 1978). Conversely, a large 
inoculum caused a batch with a given initial glucose 
concentration to reach the cytochrome P-450 peak earlier 
than when a smaller inoculum was used (Wiseman et.al. 
1978). The evidence seems to support the hypothesis that 
the position of the cytochrome P-450 peak in time is 
related to the attainment of the maximum biomass 
concentration which in turn may be caused by the exhaustion 
of the glucose carbon source. If this is so, then another 
hypothesis can be proposed; that in the earlier part of a 
fermentation with a high initial glucose concentration the 
process is busy producing yeast cells which are capable of 
producing cytochrome P-450 but not producing much 
cytochrome P-450 as yet. Later when the biomass has nearly 
reached its maximum value (i.e. late exponential stage or 
stationary phase) and the yeast cells are no longer 
multiplying as rapidly, they begin to ~âü^èTé"rate the 
production on cytochrome P-450. In effect, the hypothesis
proposed"'that the biosynthesis of cytochrome P-450 is not 
growth-related. In such a case, the optimisation of biomass 
production can be done at a separate stage in the batch 
fermentation from the optimisation of cytochrome P-450 
production and it becomes a classic case of time—profiled 
controlled 1 optimisation (Constantinides, 1969). This
hypothesis is examined in this work.
Further evidence from the literature has been both in 
favour and in disfavour of this hypothesis. In experiments 
using yeast protoplasts prepared from yeast (by grinding it 
and centrifuging to separate the fractions) previously 
grown in a medium containing 5.0 g. per litre glucose 
initial concentration, Wiseman et al. (1978) found that 
trnsferring the protoplasts to a medium containing 50.0 g. 
per litre glucose initial concentration caused cytochrome 
P-450 to be produced. This supports the hypothesis that 
cytochrome P-450 production is not growth-related.
Lim (1977) showed that batch cultures with glucose 
initial concentrations of 10.0, 25.0, 30.0, 40.0, 50.0,
75.0, 100.0, 150.0 and 200.Og. per litre and inoculated
with platinum-wire-loop-sized inocula all reached their 
maximum biomass concentrations at about the same time of 
forty-eight hours. Thus according to this result, the 
earlier cytochrome P-450 peaks of batch cultures with 
smaller initial glucose concentrations in the medium 
(Wiseman et al. 1978) cannot be related to the attainment
of the maximum biomass yield in each case. However, this 
was later disputed by Karenlampi et al. (1981) who found 
that the maximum concentration of cytochrome P-450 in their 
yeast occurred at the beginning of the stationary phase of 
growth.
2.14 THE EFFECT OF ETHANOL TOXICITY ON CYTOCHROME P-450 
BIOSYNTHESIS AND BIOMASS PRODUCTION OF S. CEREVISIAE.
S. cerevisiae belongs to ayeast type which is 
subject to both of the effects termed by Fiechter et al. 
(1981) as "Pasteur effect" and "glucose effect". The 
"Pasteur effect" is the inhibition of the gTÿcôlytic 
pathway in the presence of oxygen, which is manifested in
>
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the inhibition of ethanol formation. The "glucose effect" 
is that ethanol is formed under anaerobic conditions as
long as glucose is present in the medium.
Lim (1977) measured the increasing level of ethanol 
when S. cerevisiae N.C.Y.C.240 was grown on a medium with 
200 g . per litre initial glucose concentration and found 
that after sixty hours, the level of ethanol was 5% (v/v). 
5% (v/v) of ethanol added to the medium at the beginning of 
a batch shake-flask fermentation did not cause any 
significant difference in the cytochrome P-450 peak 
compared to the control with no ethanol added. On the other 
hand, when Karenlampi et al. (1981) transferred their 
yeast (grown semi-anaerobically on glucose up to the 
exponential phase) into ethanol-containing (20.0 g . per
litre, initially), glucose-depleted medium, it lost all
pre-formed cytochrome P-450 within fifty minutes. However, 
they suggested that this was in response to a lowering of 
extra cellular glucose concentration and did not mention 
ethanol toxicity as a possible cause.
Much earlier, Thorne (1939) reported that for a
particular type of top yeast used in the brewing industry 
slight inhibition of growth and fermentation is already 
noticeable with one percent (w/w) alcohol in the broth and
complete supression occurs at nine percent (w/w) alcohol. 
However, since in this case the alcohol had been produced 
by the yeast itself (i.e. intracellular origin ) the phenomenon 
cannot really be compared with ethanol being added to the 
medium. With ethanol of intracellular origin, the 
concentration of the ethanol inside the yeast cells will be 
higher than outside the cell (i.e. the measured
concentration) while with added ethanol, the concentration 
will be higher outside the cell than inside the cell 
(Winkler, 1983b). Since the effect of ethanol would presumably 
come mainly from ethanol inside the yeast cell, the origin 
of the ethanol (whether intracellular or extracellular)
would dictate what concentration of ethanol in the medium 
(outside the cell) is harmful.
Removal "of ethanol as if is~furmed may produce a
different result from all the above but so far no one has
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tried it in relation to biomass and cytochrome P-450 
productions in batch cytochrome P-450 fermentations. 
Cysewski ' and Wilke (1977) tried it with ethanol 
fermentation and found that their system produced ethanol 
continously until the glucose substrate was exhausted.
In batch fermentations for cytochrome P-450, ethanol 
toxicity may become an acute problem when by virtue of 
optimising the cytochrome P-450 peak the use of very low 
D.O.T. becomes necessary (Rogers and Stewart 1973), thus 
encouraging the production of more ethanol at the expense 
of the biomass yield (Trinn et al. 1982).
2.15 MEDIUM COMPOSITION.
Different workers or group of workers working with 
different strains of S.cerevisiae have used different 
medium component and/or compositions but none of these have 
been optimised with respect to the yield cytochrome P-450. 
In production scale fermentation, about three-quarters of 
the operating cost is due to the cost of the medium alone 
(Winkler, 1983). It is most important therefore that the 
optimisation of a process should always include the 
optimisation of the growth medium at the earliest stage.
Gordon and Stewart (1971) and Rogers and Stewart 
(1973) in their work with a wild-type diploid strain of 
S.cerevisiae used a medium of the following compositions:
COMPONENT CONCENTRATION
Yeast extract 5.0 9/1
Ammonium Sulphate 1.2 9/1
Calcium Chloride 0.1 9/1
Sodium Chloride
ino 9/1
Potassium Sulphate 2.0 9/1
Ferric Chloride 0.003 9/1
Galactose 40.0 9/1
Table 2.3 : COMPOSITION OF THE MEDIUM USED BY GORDON AND 
STEWART (1971) AND ROGERS AND STEWART (1973).
Using this medium composition a final biomass yield of about 
4.0g. dry weight" per litre was obtained-;— A maximum cytochrome 
P-450 peak of 64.0 nmol. per g. dry yeast was obtained by
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optimising with respect to the D.O.T.
The continuous culture of Trinn et al. (1982) used the 
medium of Hug et al. (1974) which has the following
composition : _______ _____
COMPONENT CONCENTRATION
Glucof.e 30.00 g/1
(n h4)2so4 4.660 g/1
(NH4)2HP04 1.490 g/1
KCl 0.670 g/1
MgS04.7H20 0.350 g/1
CaCl2.3H2O 0.320 g/1
FeCl3.2H20 0.01118 g/1
MnS04.2H20 0.00815 g/1
ZnS04.7H20 0.00699 g/1
CuS04.5H20 0.00181 g/1
M-inositol 0.0466 g/1
Ca-pantothenate 0.0233 g/1
Thiamine hydrochloride 0.00466 g/1
Pyridoxine hydrochloride 0.00116 g/1
Biotin 0.000023 g/1
TABLE 2.4: COMPOSITION OF THE MEDIUM USED BY TRINN et.al 
(1982).
Using this medium composition Trinn et al. (1982) achieved a
biomass concentration of 6.0g. dry weight per litre with a
maximum cytochrome P-450 peak of 17.0 nmol. per g . dry yeast.
The University of Surrey group of workers (section 2.11)
and the University of Kuopio group of workers (section 2.11)
both used a medium of the following compositions:
COMPONENT CONCENTRATION
Mycological peptone 
Yeast extract 
Sodium Chloride 
Glucose
20.0 g/1
10.0 g/1 
5.0 g/1
200.0 g/1
TABLE 2.5: COMPOSITION OF THE MEDIUM USED BY THE
UNIVERSITY OF SURREY GROUP AND THE UNIVERSITY OF KUOPIO 
GROUP.
Both groups achieved a final biomass yield of about 50g. wet weight
>
2-31
per lijtre (e.g. Lim, 1977; Karenlampi et aJK 1981) and a 
cytochrome P-450 maximum peak of about k nmol, per g. wet weight of
yeast using S.cerevisiae N.C.Y.C.240•
The medium composition as in Table 2.5 was first used 
in this University by Lim (1977) but the basis for this 
particular composition was not stated in this reference. 
The concentrations of the mycological peptone used was also 
much larger than that which is recommended by the 
manufacturer. As such, it is assumed that this composition 
was the result of a random choice. Therefore a rational and 
systematic optimisation of this medium is needed.
2.16 ANTIFOAM SELECTION.
The use of an antifoam is necessary in stirred
fermenters to prevent foaming (section 2.10.4). So far, 
only one antifoam has been tried by workers in the 
cytochrome P—450 field. This antifoam is
polypropylene glycol, which has a molecular weight of 2000. 
Lim (1977) and Trinn et al. (1982) used this antifoam in 
their continuous cultures of S.cerevisiae strains
N.C.Y.C.240 and N.C.Y.C.H1022 respectively.
2.17 THE CHOICE OF BATCH FERMENTATION OVER CONTINUOUS
FERMENTATION.
While the potential advantages of continuous culture 
over batch culture (Herbert et al.1956, Elsworth
et il .1959, Winkler, 1983a ) are obvious, it was felt best 
to start with the batch process for several reasons.
Firstly, the biosynthesis of cytochrome P-450 by
S.cerevisiae was a new field in which investigations had 
just started and the amount of relevant published materials 
about the process was very limited and inadequate. In such 
circumstances the information on the batch process was
badly needed as it will ultimately form the basis to judge 
the feasibility or otherwise of the continuous process.
Secondly, the evidence from various workers (e.g.
Woods ; 1979) on. the. ..induction of cytotiirome P-450 in
S.cerevisiae by environmental conditions as well as by the
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presence in the medium of various chemicals (Karenlampi 
et al.1982) and especially the induction of the enzyme in 
yeast protoplasts by glucose (Woods; 1979) showed that the 
biosynthesis of cytochrome P-450 in yeast is not 
necessarily growth related, thus opening the possibility 
that the optimum production of the enzyme may involve the 
declining phase of biomass production which makes the 
continuous process difficult to stabilise (Winkler, 1983).
. Thirdly, although the production of yeast biomass may 
escape the harmful effects of contamination through 
exercising just "reasonable cleanliness" as in the 
particular case of Hixson and Gaden (1950), the production 
of cytochrome P-450 may be more vulnerable to the effects 
of contamination and in such a case the batch process has 
the edge over the continuous process. As has been shown by 
Rogers and Steward (1973) the dissolved oxygen 
concentration was critical to the enzyme yield within a 
very small range. The presence of the smallest amount of 
contamination might alter the aeration characteristics of 
the fermentation and decrease the yield of the enzyme.
Fourthly, at the end of a batch fermentation process, 
to preserve the cytochrome P-450 the yeast has to be 
quickly disrupted and the microsomal fraction which contains the 
cytochrome P-450 has to he kept in a poly ethylene glycol (BBG) buffer 
and stored at -80*0 (Sadler,A.M.,1984,unpublished results) .Presently, the 
equipment necessary for the continuous down - stream 
processing of the enzyme has not been developed and a 
continuous fermentation would mean most of the enzyme thus 
produced would have denatured in between batch down stream 
processing times.
V
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CHAPTER 3
FACTOR ANALYSIS IN THE BATCH FERMENTATION FOR THE PRODUCTION 
OF CYTOCHROME P-450 BY THE YEAST SACCHAROMYCES CEREVISIAE 
N.C.Y.C. 240 IN SHAKE-FLASKS.
3.1 INTRODUCTION.
The production of the enzyme cytochrome P-450 by the 
yeast S.cerevisiae has been studied mostly from the 
biochemical angle where the interests lie in finding out 
more about its characteristics (Yoshida et al. 1974a,
1974b, 1975), its mechanisms of production and its role in
the yeast (Lim; 1977, Wiseman et al.1978,Gondal; 1979,
Woods; 1979, King; 1983), with a view to finding potential 
applications. As interests moved from studying its synthesis 
and its role in the yeast to actually testing the purified 
form of the enzyme in various applications (e.g. Dorr et al., 1984»
Coulson et al., 1984, Sadler,1984 (unpublished results)), the need 
arose for relatively large amounts of the enzyme to be 
available readily and cheaply. This has led to the pursuit 
of the course of optimisation of the production of the 
enzyme prior to scaling up. Prior to optimisation, the 
variables in the fermentation which have significant 
effects on the yield of the fermentations have to be 
identified.
3.1.1 AN INTRODUCTION ON FACTOR ANALYSIS.
The method of factor analysis (Harman, 1967a, 1967b, 
Mulaik, 1972) will be used to screen the variables which 
are most relevant to this fermentation . This method has 
been shown to allow an efficient screening of the variables 
which are most relevant to the biomass yield in a 
particular type of batch fermentation (Moresi
et al.1979 ) .
As indicated in the last chapter (chapter 2, section 
2.15) the medium composition that has been used by the 
workers from the University of Surrey group (chapter 2, 
section 2.11) has not been optimised. As such, there was 
the possibility that one or more of the components that 
were present in the medium might not actually be necessary 
and the concentrations of each of the necessary components 
of the medium might not be optimal. In a fermentation 
involving complex components of the medium where each 
component may have several different effects (due to its
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complex make-up) and further the component may interact 
with the other components and/or with the environmental 
variables involved, the method of factor analysis offers a 
suitable approach to the screening problem. In this method 
the specific variations in the measured variables of the 
fermentations are split up into a number of uncorrelated 
factors such that the contribution of a variable to the 
total variance of all the measured variables is 
distributed between more than one factor. Empirical models 
are then constructed to describe the yields in terms of 
these uncorrelated or mutually orthogonal factors. The 
significance of each factor in its effect on the yield is 
then determined by removing the particular factor from the 
model with all the factors and comparing the mean square 
differences between the actual data and the predictions of 
the resulting model with the mean square differences 
between the actual data and the predictions of the model 
with all the factors. These factors can then be classified 
into categories according to how significantly each of them 
affects the yield. If a variable contributes only to factors 
which do not affect the yield significantly, then that 
variable can be dropped because it is not relevant to the 
yield. If a variable contributes to one or more factors 
which have significant effects on the yield then the 
variable is relevant to the yield and should be retained 
for further investigation and optimisation.
A more detailed description of factor analysis and its 
use to obtain empirical model is given in section 3.3.
3.1.2 DEFINITION OF YIELDS.
As has been mentioned in chapter 2 (section 2.5), the 
cytochrome P-450 in nmol.per litre is made up of the 
cytochrome P-450 yield in nmol.per g. dry yeast multiplied 
by the biomass yield in g . dry weight of yeast per litre. 
Apart from this, the economy of the process will be 
indicated by the cytochrome P-450 yield in nmol.per unit 
cost. There are thus four yield expressions which need to 
be considered, each being important for different reasons.
The enzyme yield in nmol.per litre expresses the total
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Ienzyme yield obtainable per batch and takes into account 
the restrictions in the biomass density in fermentations.
The enzyme yield in nmol.per g.dry yeast and the yeast 
biomass yield in g.dry yeast per litre each gives its 
individual contributions to the total enzyme yield. Each of 
these may be affected by the variables differently and the 
effects of the variables on the total enzyme yield in 
nmol.per litre can be traced to their effects on either or 
both of these two yield expressions by considering them 
separately in addition to considering the total enzyme 
yield in nmol.per litre.
The yield expression nmol. cytochrome P-450 per unit 
cost differs from the yield expression nmol.per litre in 
that the more costly variables in the medium will have a 
less significant effect on the yield in nmol, per unit cost than on 
the yield in nmol.per litre. This is because for the yield 
nmol.per unit cost, the yield nmol.per litre is divided by 
the cost of the medium per litre. Thus, if the medium 
contains a higher concentration of the more costly 
component, it will cost more and will reduce the yield in 
nmol.per unit cost. Ultimately, the variables which are 
most relevant to each of the two yield expressions may even 
be different due to this reason.
To save space, the cytochrome P-450 yield expressions as
above are given shorter names. Thus the total enzyme yield 
in nmol.per litre can be referred to as the "volume yield", 
the enzyme yield in nmol.per unit cost can be referred to 
as the "cost yield", and the enzyme yield in nmol.per g.dry 
yeast can be referred to as the "specific yield". The 
biomass yield is left as it is.
3.1.3 THE VARIABLES TO BE SUBMITTED TO FACTOR ANALYSIS.
The composition of the medium in terms of the initial 
concentration (g.per litre) of glucose ("G"), yeast extract 
("YE"), mycological peptone ("P") and sodium chloride 
("S"), together with certain other experimental variables 
namely temperature ("T"), pH and the fractional filling of 
the flask ("R") were submitted to factor analysis to screen 
their effect on the volume yield, cost yield, specific
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»yield and biomass yield of the batch shake-flask 
fermentations.
The agitation and aeration effect in shake-flasks is 
determined by the fractional filling of the flask, for a 
given stroke frequency and amplitude. This is because the 
amount of agitation that the medium receives and the area 
of the medium that is in contact with the air above it are 
both functions of the fractional filling of the flask.
3.2 MATERIALS AND METHODS.
The yeast S.cerevisiae N.C.Y.C.240 was grown in 
batch in shake-flasks shaken in water baths of constant 
temperatures at 1.5 Hz with a stroke length of 40mm.
The inoculum was prepared by growing the yeast from 
the slope culture in a medium of the composition first used 
by Lim (1977) as listed in Table 2.5 of chapter 2. The 
growth was at 30°C for twenty four hours. Inoculation of 
the experimental flask was done by using a sterile pipette 
at 1.0 ml. per flask.
The culture medium in the experiment consisted of 
varying concentrations of glucose, yeast extract, 
mycological peptone and sodium chloride. These components 
have been obtained from various sources as follows:
COMPONENT SUPPLIER GRADE
Glucose
Mycological
Peptone
Yeast
extract
Sodium
Chloride
Sigma Chemicals Limited, Poole 
London Analytical and 
Bacteriological Medium Limited, 
Manchester.
OXOID Limited, Basingstoke 
May and Baker Limited, Dagenham
Analytical 
(Code MC9)
(Code L21) 
Analytical
TABLE 3.1: COMPONENTS OF THE FERMENTATION MEDIUM.
The initial pH of each experimental flask was adjusted
to specific values by additions of either 2M NaOH or 2M
HC1. The 2M NaOH was made up from NaOH pellets (analytical
grade) obtained from May and Baker Limited, Dagenham, while
the 2M HC1 was made up from concentrated HC1 obtained from
*
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BDH Chemicals Limited, Poole. Distilled water was used in 
both cases.
Two sizes of shake-flasks, namely 250ml. and 500ml. 
were used with different fractional fillings. Distilled 
water was used in the preparation of the medium. In all 
cases the glucose was dissolved and sterilised separately 
from the rest of the components in order to avoid the 
formation of breakdown pigments that would coat the yeast 
cells and prevent the detection of cytochrome P-450 in 
whole yeast cells (Lim,1977). In all cases the total volume 
of the medium of an experimental flask was divided equally 
between the glucose in one flask and the rest of the 
components in another flask. The sterilisation of the 
medium was done at ISp.s.i. for 15 minutes. The two parts 
of the medium were then left to cool down before being 
mixed. The details of each experiment are given in Table 
3.2.
3.2.1 CYTOCHROME P-450 ASSAY AND BIOMASS DETERMINATION.
Cytochrome P-450 was assayed by a modification of the
procedure of Omura and Sato (1964) . A 5ml. sample was taken
—2using a sterile pipette and then centrifuged at 24.500 ms for 
5 minutes. After decanting the supernatant a phosphate 
buffer of pH 7.2 was added to the yeast cells to make a 
5ml. suspension on which the spectrophotometric 
determination of cytochrome P-450 was made. A full 
description of the method is given in the appendix.
Each flask was sampled at least three times, the first 
at 17 hours after inoculation. When an assay showed a 
decrease in the concentration of cytochrome P-450 compared 
to its value in the previous assay, the flask was removed 
from the water bath with a sample taken for dry weight 
determination. After centrifuging for 5 minutes at 
. 24500 ms""2 and decanting the supernatant the yeast was 
washed in distilled water by resuspending in it and 
recentrifuging to be followed by decanting the supernatant. 
The yeast was then resuspended in distilled water again and 
dried at 100°C. in an oven for 24 hours before 
weighing.
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3.2.2 THE COST OF THE MEDIUM FORMULATION.
The cost of each formulation of medium in Pound 
Sterling (£.) per litre was calculated based on the 1981 
costs of glucose (£0.93/kg.), mycological peptone
(£46.00/kg.) and yeast extract (£14.00/kg.).
3.3 THE METHOD OF FACTOR ANALYSIS AND ITS USE TO OBTAIN 
EMPIRICAL MODELS.
3.3.1 THE MATHEMATICAL DEFINITION OF FACTOR ANALYSIS.
A brief description of factor analysis has already 
been given in section 3.1.1.
The method of factor analysis (Harman, 1967a,1967b, 
Mulaik, 1972) enables us' to describe the various
experimental variables in terms of mutually orthogonal 
factors which are uncorrelated to each other but which have 
the same mean and the same variance as the standardised 
form of the experimental variables. Factors are defined 
as being mutually orthogonal when there exists no 
correlation between them. Mutually orthogonal factors are 
important in that only such factors may be used to 
construct linear models, where the interactions between 
factors are not taken into account.
By definition, the factors must have the following 
properties:
1. The mean value of each factor is zero,
2. The variance of each factor is equal to 1,
3. The factors are mutually orthogonal, as has been 
mentioned.
To make the mean and variance of the experimental 
variables equal to that of the factors, the experimental 
variables were standardised as follows.
wij = (xij 3.1
where xn* ^ is a generic j value ± J
non-standardised experimental variable .
of each
is the mean of the non-standardised 
variable, defined as
experimental
N
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where N is the total number of experiments^
Vi is the mean square value of the deviation of the variable 
from the mean
w. . is a generic j value of each standardised variable W.•
The mean of a standardised variable is equal to zero:
NL .3.2
where N is the total number of experiments.
The variance of a standardised variable is equal to one:
2 2
<  = 2_j "ij / ” = I-°   - -........3,3
I
where d'^  is the variance of the standardised variable
The correlation coefficients between the standardised variables 
are given by:
N
v ~
(CQRR)^ w..wh ./N  .......    3 A
I J
where w. . and w, . are the values of different standardised ij hj
variables and
A linear model is then used to represent a standardised 
variable in terms of the mutually orthogonal factors as follows: 
m
Wij ^-r ^fir Frj  ...................... 3*5
I
where F . is a generic j value of each factor F .,/ rj rj
0 • is the coefficient of the factor F . 
ir _ r0 »
m is the number of factors F^ -L-J
The properties of these factors as given before are stated 
mathematically as follows:
The mean of a factor is zero:
N
Fr1 A  =0   3.6
I j
The variance of a factor is equal to one:
v  2 >
Z j  Frj / ” = 1.0     3.7
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'The correlation coefficient of two factors is always 
zero: NL F ^ i  j  ■  0  • •  • t « M  * » • * • • • • « •  *# #*# •••« • ee *  • •••*• • m ••• 3 • 8
1 ]
Each factor is therefore a standardised variable as 
shown by its zero mean and its variance of one. In addition 
these factors are mutually orthogonal, as shown by equation 
3.8.
There are then two problems that need to be solved,
1. The evaluation of the factors.
2. The evaluation of the contribution of each of the 
experimental variable to each of the factors.
These problems are solved by using the 
principle-factor method (Harman, 1967a,1967b).
By substituting equations 3.5, 3.7 and 3.8 into
equations 3.3 and 3.4 we get:
* -
= ) *ir = 1 ...... — .-.............. 3.9
m
(CORK)ih =........... Kir tfhr  ..................... 3.10
1 r
n
The overall variance V of the standardised
experimental variables is:
n N n
^ w- -^ /N = \ d",* ^ = n -•  .....3.11
where n is the number of experimental variables. By 
introducing equation 3.9 into equation 3.11 and changing 
the order of summation, we obtain :
m  n .m
V2= X  ^  v.2 = V ™  s r 2 .... -.•----•3.12Z F =ir2 -L
• V ' i  1 ^ r r\
n
2 = L .  *ir2i.e. s
r i ^
Where sr2 is the contribution of the factor Fr 
to the overall variance V .
The Principle-factdr method involves the selection of 
a first factor the contribution of which to V2 is
maximum. Then the effect of this factor is removed and a
second factor F2 is selected with a maximum contribution 
to the residual variance. This process is continued until 
the overall variance is analysed. Harman (1967a, 1967b) has 
shown that the successive values of sr  ^can be obtained 
by extracting the eigen values of the correlation matrix of 
the standardised variables. Further, the coefficient of the 
eigen vectors associated with these eigen values becomes 
the coefficient of the standardised experimental variables 
in the linear model to represent each factor in terms of 
the standardised experimental variables.
3.3.2 THE APPLICATION OF FACTOR ANALYSIS TO OBTAIN 
EMPIRICAL MODELS.
To. construct the models, a new table of the 
experimental results consisting of the yield and the factors 
]?r has to be evaluated by calculating the experimental 
values of each factor with the inverse function of equation
3.5 which is :
m
H v  ...................3 5
'"U  T
Where the inverse function of equation 3.5 is: 
n
L
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"rj = l— ± tri Wij 
1
Where are the coefficients of the i eigen vectors
associated with the eigen value sr  ^of the correlation 
matrix of the standardised variables (Harman, 1967a, 
1967b).
Equation 3.13 may also be written as
K i  - zLi V'iJ   ...v*314
1
These new factors Fr ' = £Frj ^are not standardised but
are still mutually orthogonal (Moresi et al. 1979) and can
be used to construct more easily the regression among the 
yield Y and all the factors Fr' without using the mean 
and variance of each i variable.
The new factors F^ = [^rj^J are still mutually 
orthogonal because the correlation coefficients between the
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non-standardised variables are different from the 
correlation coefficient between the standardised variables 
only in scale.
The operating procedure of factor analysis can thus be 
summarised as follows:
aj Evaluate the matrix of correlation coefficients of 
the standardised experimental variables.
b) Compute the eigen values and the coefficients of 
the associated eigen vectors of the correlation matrix.
c) Evaluate the factors.
d) Construct a regression between these factors and 
the yields. Repeat the regression for all models.
Models were created by removing one or more factors at 
a time from the model with all the factors. The best model 
could then be chosen on the criterion that it has the
least number of factors without incurring differences 
(between the actual yield and the predicted yield) which 
are significantly larger than the differences (between the 
actual yield and the predicted yield) for the model with 
all the factors at a selected confidence level.
3.3.3 REGRESSION ANALYSIS.
The estimations of the regression coefficients of all
models were done by using a Numerical Algorithm Group 
("NAG") routine (available from the Computing Unit library, 
University of Surrey) which operates by minimising the sum 
of squared differences between the actual and predicted 
yield.
3.3.4 THE STATISTICAL E-TEST.
The statistical E-test (Himmelblau, 1970) determines 
the level of confidence with which a result can be 
accepted. The levels of confidence are expressed in percent 
confidence but in this thesis pre-selected confidence levels 
are assigned numbers so as to save space. In the tables of 
results only these assigned numbers are quoted to indicate 
the level of confidence.
In this chapter the results of the regression analysis 
have been tested for significance at three levels namely 
99%, 95% and 90%. The break down of the significance of the
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results into these three confidence levels was considered 
sufficient for this preliminary work. These levels have 
been assigned the numbers 1, 3 and 4 respectively and not 
1, 2 and 3 respectively so that they would be consistent 
throughout this thesis where in the later chapters the 
confidence levels 97.5% ("2") and 75% ("5") are also used 
besides the above mentioned levels. The F-values at the 
three levels mentioned above are given in table 3.16.
3.3.5 EXPERIMENTAL DESIGN.
In this work the value of each experimental variable 
was varied over as wide a range as possible so as to gain 
the maximum knowledge of the behaviour of the system over 
wide-ranging conditions. In most cases practical difficulties 
prevented the use of too large a variation in the values of 
the experimental variables. For example, most flasks 
incubated at higher than 34°C. failed to show any presence 
of cytochrome P-450. Similarly, flasks with too low a 
fractional filling failed to show any presence of 
cytochrome P-450 while flasks with too high a fractional 
filling tended not to get enough agitation to keep the 
yeast in suspension. In cases of zero yields the experiment 
could not be treated statistically since a zero yield is 
not sensitive to further changes in the values of the 
variables which would otherwise have decreased the yield.
It was assumed that the response surface did possess 
an optimum. To validate this assumption, as wide an area as 
possible was examined. However, it could never be 
absolutely certain that the selected area did infact 
contain the optimum until the optimum was actually 
evaluated.
If the area that has been examined did not cover the 
optimum, a linear model might be sufficient to represent 
the surface since there would not be as much curvature as 
there would be if it had contained the optimum. Therefore a
*
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linear model would be tried first. If it did not fit the 
data of the orthogonal factors and yields, a non-linear 
model would be fitted instead so as to account for the 
curvature that is likely to occur near the optimum.
Each model was tested for error significance against 
the full model involving all factors using the statistical 
E-test (Cochran and Cox, 1957, Himmelblau, 1970) as has 
been mentioned in section 3.3.4.
3.4 RESULTS AND DISCUSSION.
The results of the factor analysis are given in tables 
as follows:
Table 3.2 gives the experimental results.
Table 3.3 gives the correlation matrix of the 
standardised variables.
Table 3.4 gives eigen values of the correlation 
matrix.
Table 3.5 gives the coefficients of the eigen vectors
associated with the eigen values of the correlation matrix.
Table 3.6 gives the values of the factors.
Table 3.7 gives the evaluation of the linear model
involving all the factors, for the four yield expressions. 
The other results (i.e. on the regression analysis) will be 
mentioned in parallel with the discussion.
3.4.1 THE LINEAR EMPIRICAL MODEL INVOLVING ALL THE FACTORS.
The linear empirical model involving all the factors 
is henceforth referred to as "the full model".
With the exception of the full model of the biomass 
yield, all the full models (i.e. the full model for the 
enzyme cost yield, volume yield and specific yield) 
incurred large errors in the prediction of yields as shown 
in the Table 3.7 and on the plots of actual yields versus 
predicted yields of figures 3.2, 3.3 and 3.4.
Attempts to fit quadratic equations involving the
squared values of the factors to allow for any curvature on
the response surfaces by using the same computational
method as for the linear models failed for all the cases
■ *
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examined. It was not really known what shape the response 
surfaces took. The quadratic approximation would only 
succeed if the surface contains only one optimum, it was 
possible that with such a large area being examined, there 
might have been present local optima besides the true 
optimum.
Closer examination of the plots of actual data versus 
predicted data shows that the biggest deviations in the 
predictions of the yields occurred at extreme values of the 
yield variable being examined. Take the volume yield as an 
example, most inaccurate predictions are at the lowest 
yield levels. Quantitatively, 60% of predicted data which 
are outside the 30% deviation band belong to the group of 
yields which are less than 20% of the maximum yield. Thus 
most of the higher yield values are within the 30% 
deviation band.
It was possible that some of the errors were
experimental. One possible source of error was the inoculum 
size. The inoculum level was constant only by volume. 
Although the age was the same there might still be 
differences in the number of live yeast cells in the 
inocula. Later experiments however indicated that small 
differences in the inoculum level were not likely to cause 
much error (chapter 5, section 5.6 .1.3).
The most likely source of experimental error was the 
limited number of samples that can be taken from an 
experimental flask for the determination of the peak 
cytochrome P-450 level. The error from this source can be 
minimised by taking more samples (i.e. smaller time
intervals) so that the peak cytochrome P-450 level can he 
determined more accurately,hut this would mean higger flasks holding 
more medium.
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3.4.2 THE SCREENING OF THE FACTORS.
The significance of the effect of a factor was 
determined by excluding that factor from the linear model 
and comparing the performance of the resulting model with 
that of the full model. The best model is defined as that 
model which contained the least number of factors without 
incurring an error in its prediction of the yields which is 
significantly different from that incurred by the full 
model at a pre-selected confidence level.
3.4.2.1 The Linear Model For The Biomass Yield.
The full biomass model was the most accurate 
of the four full models describing the various yield
expressions. 80% of the predicted data lies within the 25% 
error band. Removing the factors F2, Fg, F4, F^, 
Fg and F-y from the full model did not cause, significant 
errors. The best model for biomass therefore consisted of 
only one factor F^ and a constant (Table 3.8). Table 3.5 
shows that factor F^ is made up mainly of contributions 
from the variables pH and the initial concentrations of 
mycological peptone and yeast extract, with the initial 
concentrations of sodium chloride and glucose featuring 
only weakly. The contributions of temperature and the 
fractional filling of the flask to factor F^ were 
minimal. The biomass was therefore influenced most strongly 
by the pH, the mycological peptone and the yeast extract.
The strong influence of mycological peptone and yeast 
extract is expected because these components of the medium 
contain the essential nutrients for biomass growth.
The initial glucose concentrations have a mean value 
of 152.5g. per litre. The models show that the variations 
within the limits of 20.Og. per litre and 300.Og. per litre 
in the experiments did not cause any significant effect to 
the final biomass yield. This is a rather suprising result 
since Lim (1977) has shown that all his shake-flask
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experiments with initial glucose concentrations below 
100.Og. per litre showed a decrease of the final biomass
yield with the decrease in the initial glucose
concentration. These results are not necessarily wrong 
however, since in fully aerobic growth where complete 
oxidation occurs, higher final biomass yields can be
achieved compared to anaerobic growths where some of the
glucose is converted to ethanol. It is possible that in 
Lim's experiment the aeration limitation prevented a higher 
conversion of glucose to biomass and conversely in these 
experiments the higher agitation intensity (and therefore 
higher aeration efficiency too) in some of the flasks 
caused more efficient conversion of glucose to biomass to 
take place. However the maximum value of the conversions 
factor from glucose to biomass for S.cerevisiae N.C.Y.C.240 
has not been measured and the above hypothesis cannot be 
verified.
3.4.2.2 The Linear Model for the Cytochrome p-450 Volume 
Yield.
Table 3.10 shows that removing all factors except 
from the full model did not cause significant error to be 
incurred. The best model for the enzyme volume yield 
therefore consisted of a constant and the factor F^, like 
the best model for the biomass yield. Thus all the 
variables that influenced the biomass final yield also 
influenced the cytochrome P-450 volume yield.
3.4.2.3 The Linear Model For The Cytochrome p-450 Specific 
Yield.
Table 3.12 shows that removing the factors F7, F6, 
F5 / F4, and Fg from the full model did not cause 
significant errors to be incurred by the resulting model. 
However, removing factor F2 from the resulting model 
caused it to incur errors which were significant at 90% 
confidence level. The best model for the enzyme specific 
yield therefore consists of a constant and the factors F^  
and F2. As shown in table 3.5, the contributions by the 
experimental variables to these two factors are similar 
except for temperature which featured a little more 
strongly in the factor f2. Thus the variables that were
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relevant to the biomass yield were also relevant to the 
enzyme specific yield. Since the same variables were also 
relevant to the enzyme volume yield, it can be concluded 
that the effect of these variables on the enzyme volume 
yield was via their effects on both the biomass and the 
enzyme specific yields instead of just on either one of 
them.
The insignificance of the factors containing large 
contributions from the fractional filling of the flask 
(F3 and F5 ) was unexpected, since the formation of 
cytochrome P-450 in S.cerevisiae has been associated with 
certain aeration conditions (Rogers and Stewart, 1973, 
Woods, 1979 , Trinn et al. 1982) . however, it was possible
that the dissolved oxygen availability condition within the 
narrow limits shown by Rogers and Stewart (1973) has been 
missed by these experiments and all these experiments were 
in the region where the low enzyme yields were relatively 
insensitive to changes in dissolved oxygen availability.
3.4.2,4 The Linear Model For The Cytochrome P-450 
Cost-Yield.
As shown in table 3.14, removing one or more factors 
from the full model of the enzyme cost yield caused 
significant errors in the prediction of the yield. 
Therefore all the experimental variables are relevant to 
the enzyme cost yield and the full model becomes the best 
model.
Compared to the model for the enzyme volume yield, the 
experimental variables glucose and sodium chloride 
concentrations, temperature and the fractional filling of 
the flasks have assumed importance in the model for the 
cost yield. The enzyme volume yield data differ from the
enzyme cost yield data by a factor which was made up of the
cost of most of the components of the medium namely 
glucose, mycological peptone and yeast extract. In the case 
of the cost yield, the effect on the volume yield caused by 
a change in the initial concentrations of the 
above-mentioned components was influenced by their 
corresponding effect on the cost of the medium. In the
remaining variables (temperature, pH, sodium chloride
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concentration and fractional filling of the flask) cost was 
treated as irrelevant. The effects on the volume yield 
caused by changes in these "non-cost" variables are thus 
not reduced when they are converted to cost yields and 
consequently they become relatively more significant. This 
is then reflected in the significance of these variables in 
the best model of the cost yield at the given confidence 
level(s).
In linear modelling, the response surface is assumed 
to be a linear function of the variables and as a variable 
changed values from one extreme to the other, the effect of 
this change on the yield is assumed to be in one direction 
only (it either reduces or increases the yield). A 
discussion on the trends of the response surface for the 
cost yield in response to changes in the values af the 
variables serves as a basis for the optimisation of the 
cost yield, which is covered in the next chapter.
3.4.2.4.1 The Effect Of Aeration/Agitation On The 
Cost Yield.
In this investigation the cost of services (mainly 
electricity) has not been included and these would 
represent a substantial fraction of the total operating 
cost of a large-scale production run. This is particularly 
important if the process has a high aeration and/or
agitation requirement «
The aeration/agitation pattern favouring a high yield 
of cytochrome P-450 can be inferred from the data in table
3.5 and table 3.15. Table 3.5 shows that the factors with
the biggest contributions from the fractional filling of 
the flask are the factors F3 and F5 and these 
contributions are positive in F3 and negative in F5 .
Table 3.15 shows that the coefficients of factors F3 and 
F3 are positive and negative respectively. If the 
fractional filling of the flask is increased, factors F3 
and F5 will both give positive contributions to the 
enzyme cost yield. Thus a higher fractional filling of the 
flask (i.e lower aeration/agitation) favours the cost yield. 
This is consistent with the findings of Rogers and Stewart
1
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(1973)'that low D.O.T. favours cytochrome P-450 formation.
3.4.2.4.2 The Effects Of temperature, pH, Glucose^
Mvcological Peptone, Yeast Extract And Sodium
Chloride On The Cost-Yield._
By a similar consideration to the above it can be 
shown that increasing the glucose concentration will 
generally reduce the cost yield.
Mycological peptone and yeast extract both have 
similar effects on the cost yield compared to their 
effects on the volume yield. The best model for the cost 
yield predicts that increasing the concentration of peptone 
will cause the cost yield to decrease while increasing the 
concentration of yeast extract will cause the cost yield to 
increase.
Increasing the temperature or the concentration of 
sodium chloride will generally decrease the cost yield, 
while no clear trend has emerged for the response to 
changes in pH. Where no clear trend has emerged, this may 
be because between the two extreme values of the variable 
there lies its optimum value and the effect of moving the 
variable from one extreme to the optimum is cancelled by 
the effect of moving the variable from the optimum to the 
other extreme. There is thus no nett effect in operating with the
variable at one extreme value or the other.
3.5 CONCLUSIONS.
The experiments and subsequent factor analysis have 
shown that all the experimental variables considered are 
relevant to the yield of the fermentation in one form or 
another and this provides the basis for optimisation.
>
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CHAPTER 4
OPTIMISATION OF BATCH CYTOCHROME P-450 
FERMENTATION BY THE YEAST SACCHAROMYCES CEREVISIAE N.C.
240 IN SHAKE-FLASKS
4.1 INTRODUCTION.
In chapter 3 on the factor analysis of cytochrome 
P-450 batch fermentation in shake-flasks an attempt was 
made to determine the significance of the effects of the 
experimental variables on four different yield expressions. 
This was done by using random combination of values of the 
experimental variables and submitting the results to factor 
analysis. The result of factor analysis showed that each of 
the experimental variables contributed to different extents 
to the significant factors which made up the best model of 
one or more of the four yield expressions that were being 
investigated.
It was then intended to optimise this fermentation 
before scaling-up to a laboratory-scale stirred-tank 
fermenter. The method of half-replicate 26 factorial 
experiments and the steepest ascent method (Cochran and 
Cox, 1957) were used to find the area containing the 
optimum yield. The method of rotatable composite design 
(Cochran and Cox, 1957) and the method of canonical 
analysis (Himmelblau, 1970) were then used to evaluate the 
experimental variables at the optimum point and analyse the 
response surface.
4.1.1 AN INTRODUCTION ON THE METHOD OF FACTORIAL 
EXPERIMENTS AND THE PATH OF STEEPEST ASCENT.
The method of factorial experiments has been designed 
to allow the effects of a number of experimental variables 
on the yield to be investigated simultaneously. It gives 
the main effects and the interaction effects of changing 
the variables from the lower level to the upper level. The 
main effect of a variable is defined as the average of the 
effects of changing its value from the lower level to the 
upper level among all the experiments. It is derived by 
assuming that the variable is an independent variable and 
all the variations in its effects are due to experimental 
errors only. The interaction effects between two or more 
variables' are calculated on “the assumption that the 
experimental variables are not independent but are infact
interacting between them. This is particularly advantageous 
for thé system under study because the use of the complex 
medium involve complex components the nature of the effect 
of which is not well-defined.
The factorial experiments make use of a mathematical 
method known as the ïate’s method (Yate, 1937) to analyse 
the main effects and interaction effects. In giving the 
main effects and the interaction effects the results of the 
analysis also indicate whether the "yield response surface" 
in the area examined is curved or uncurved, and if it is 
uncurved, whether it is flat with respect to the variables 
or increasing or decreasing with respect to one or more 
variables and if so, in which direction.
The "yield response surface" itself is not actually a 
surface in the sense that a surface can only have a maximum 
of these dimensions whereas in this theoretical response 
surface the number of dimensions that can be considered is 
limitless.
The method of the path of steepest ascent finds the 
direction (with respect to all the variables considered) in 
which the increase of the yield is steepest. Experimental 
points are tested along this direction and the point where 
the yield differs significantly from that predicted by the 
linear equation based on the area previously investigated 
is made the centre point around which a new factorial 
experiment is conducted. This process is carried on until 
finally an area is found which satisfies the criterion for 
the area containing the optimum.
4.1.2 AN INTRODUCTION ON THE METHOD OF ROTATABLE 
COMPOSITE DESIGN AND CANONICAL ANALYSIS.
The method of rotatable composite design gives the 
complementary experimental points which can be tested to 
enable the area containing the optimum (found as above) to 
be approximated by a quadratic equation. The method of 
canonical analysis transforms this quadratic equation into 
a"different coordinate system which has as its origin, the
point of optimum yield. It also represents the experimental 
variables in terms of orthogonal factors, in much the same
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I 't •way as 'factor analysis. The representation of the quadratic 
equation in this way makes the graphical interpretation of 
the yield response surface and its further analysis 
possible.
In essence, the experiments for the factor analysis in 
chapter 3 could also be used for the same purpose of 
optimisation, but since the experimental points are 
randomly chosen instead of being located at particular 
points corresponding to a design, its use for this purpose 
would involve complex mathematical manipulations. The 
methods of factorial experiments, the path of steepest 
ascent, rotatable composite design and canonical analysis 
have been designed to avoid these difficulties. These 
methods have been used in the work reported in this chapter
and in the work reported in the next chapter. They will be 
described in detail in later sections, in parallel with the 
reported work.
4.2 MATERIALS AND METHODS.
The materials used in the experiments and the methods
followed were as described in the report on the experiments
for analysis (chapter 3) with certain exceptions. In the
first half-replicate 2  ^ factorial experiments samples
were taken from each experimental flask for cytochrome
P-450 assay at the fixed times of 24, 4 0 and 48 hours. In
the second half-replicate 2  ^ factorial experiment and
composite design samples were taken from each flask for
cytochrome P-450 assay at the fixed times of 17, 26, 41, 48
and 52 hours. This was instead of the different sampling
times for each flask, beginning at 17 hours, for the factor
analysis experiments. The different procedure in this case
was on account of the closer similarities between the
experimental flasks in this experiment than that which
existed between the experimental flasks in the factor
analysis experiments. The closer time intervals for the
second half-replicate 2  ^ factorial and composite design
experiments compared to that of the first half-replicate
2  ^ factorial experiments was in the attempt to minimise
experimental errors caused by too few samples being taken.
«
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^septic procedure was*1 observed during sampling. Every 
sample that was taken reduced the liquid volume in the 
flask. Although the medium was reduced by maximum of only 
16.67% in the extreme case where five samples were taken, 
the possible effect of this gradual volume reduction on the 
aeration/agitation characteristics might still be
significant. In this work this effect was assumed to be 
insignificant.
4.3 OPTIMISATION CRITERIA.
The selected criteria for optimisation were the 
enzyme cost-yield, volume-yield and specific-yield and the 
biomass yield. The experiments were designed for the
optimisation of the enzyme cost-yield, because the cost
of the medium was expected to be the major operating cost 
of the process. The experimental data would then be 
analysed for the other yield expressions.
The optimisation would be with respect to the 
variables T,IH,G, IE, P andS (as defined in chapter 3).
4.4 MATHEMATICAL METHODS.
The theories of the mathematical methods involved in 
this work will be explained in parallel with their 
application in this work.
4.4.1 THE FIRST HALF-REPLICATE 22 FACTORIAL EXPERIMENT.
4.4.1.1 Definitions Of Relevant Terms.
In this chapter the variables temperature ("T"), pH, 
glucose initial concentrations ("G"), yeast extract initial 
concentration ("YE"), mycological peptone initial 
concentration ("P") and sodium chloride initial 
concentration ("S") are assigned the general notations of
, Xg, Xg, X4, X5 and Xg respectively. Each 
variable will in turn have its values assigned the letter 
x, with suitable subscripts to indicate its position in the 
X-matrix, where the X-matrix is the matrix with the values 
of the experimental variables.
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4.4.1..2 The Starting Point!
So that the area containing the optimum yield could be 
found rapidly, the centre-point used for the first 
half-replicate 2  ^ factorial experiment had to be the best 
possible estimate of that optimum point. The previous 
workers from the University of Surrey Group (chapter 2, 
section 2.1.1 ) have used the medium of the composition 
given in Table 2.5 of chapter 2. This combination of 
variables was used as the basis of the first centre point, 
but with several modifications. The initial concentration 
of glucose was set at 100.0 g.per litre. This was because 
Lim (1977) has shown that above this value there was no 
improvement in the enzyme yield or biomass yield which can 
be obtained by increasing the initial glucose 
concentration. The initial pH was adjusted to 5.0, which is 
within the range that Lim (1977) found to be the optimal in 
continuous culture.
The culture conditions also differed from that used by 
the previous workers in that the 250ml. flasks were filled 
with 150ml. of medium and shaken at 2Hz. with an amplitude 
of 3.0cm. Wiseman et al.(1978) have used 250ml. flasks 
filled with 100ml. of medium and shaken at 0.83Hz. with an 
amplitude of 50 mm. Although it would clearly have been 
best to keep to the same frequency and amplitude, at that 
time some of the available water baths were of fixed 
frequency of 2Hz. and the best use had to be made of 
them. At 2Hz. and with an amplitude, of 30 mm. ' the factor 
analysis results suggested that a higher fractional filling 
of the flasks would favour a higher enzyme yield. The 
highest fractional filling of the flasks used in the factor 
analysis experiments was thus used in this experiment, this 
fractional filling of the flasks being as above. This 
fractional filling of the flask was kept constant in all 
the factorial and composite design experiments in 
shake-flasks. The effects of aeration and agitation would 
then be studied in detail at the laboratory-scale stirred 
fermenter staae where these variables can be accurately 
controlled.
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4.4.1.3"A Description Of Ttfe Method Of Half-Replicate 
2 Factorial Experiment.
The ’ method of half-replicate ^  factorial 
experiments (Cochran and Cox, 1957) was used together with 
the steepest ascent method to locate the area containing 
the point of optimum cost-yield and to calculate the main 
effects and the effects of the interactions between the 
variables in the area being examined.
Half-replicate experiments are a modification of their 
full-factorial counterparts, where in the modification some 
information is lost but only half the number of experiments 
need to be done. In the full-factorial experiments all main 
effects and the effects of interactions have distinct 
values. In half-replicate experiments none of the main 
effects or effects of interactions have distinct values. 
Instead, they share their values with their respective 
"aliases".
In a half-replicate 2^ factorial experiment an
"alias" can be defined as that main effect or interaction 
effect which will result if an effect (a main effect or an 
interaction effect) represented by a combination of 
variables, is multiplied by the effect-combination 
X1X2X3X4X5X6 with squared terms vanishing. Thus
the "alias" of the interaction is the
interactionXgX^XgXç, for example. The special 
combination X1X2X3X5X6 is called the "defining 
contrast". The "defining contrast" is defined as the 
interaction involving all the variables in the factorial 
experiments. It is used to divide the full 2^  factorial 
into two half-replicates, one containing the defining
contrast and the other does not. In this work the 
half-replicate 2  ^ factorial containing the defining
contrast was used. The choice was arbitrary. Thus, in the 
half-replicate 2  ^ factorial experiment the main effects 
are not distinguishable from their aliases the 5-factor 
interaction; 2-factor interactions are not distinguishable 
from their aliases the 4-factors interactions and there are 
twenty 3-factor "interactions which divides themselves into 
ten pairs of aliases, where only ten values are available
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to be .'assigned to them. Consequently, in order to obtain valid
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estimates of the main effects,their aliases the respective ^ -factor 
interaction effects have to he assumed not to hé significantly different 
from the experimental error at a given level of confidence.
Similarly, in order to obtain valid estimates of the
2-factor interaction effects, their aliases the respective
;
4-factor interaction effects have to he assumed not to be 
significantly different from the experimental error at a given 
confidence level. Further, the effects of the 3-factor interactions 
obtained from the experiments axe not distinguishable from the 
effects of their respective «aliases which are also 3-factor 
interactions.
If it can be proven that the 3-factor interaction 
effects are small enough so as not. to be distinguishable 
from the experimental errors, then it can be assumed 
that the 4-factor and 5-factor interactions are 
negligible because they will be even smaller. This is 
because for quantitative variables such as in the 
present case the main effects and interactions can be 
associated with the terms of a Taylor series expansion 
of a response function (Box et al. 1978).
4.4.1.3.1 Estimation Of The Experimental Error.
An estimate of the experimental error is needed for 
the above-mentioned purpose. To get an estimate of the 
experimental error, the centre point was replicated nine 
times. This error can be expressed as the standard error 
per unit or the error variance per experimental unit.
The error variance per experimental unit was defined by 
Cochran and Cox (1957) as the expected value of the 
square of the error that affects the observation for a 
single experimental unit. The square root of this 
quantity is called the standard error per unit.
The choice of the number of replications at the 
centre point represents a compromise so that the 
standard error per - unit in the predicted -value of the 
yield is approximately the same at the centre point as
at all/points of radius onq increment (Box and Hunter 
1957, as listed by Cochran and Cox 1957). This is 
because on the one hand, if there are too many
replications at the centre points, the standard error 
per unit of the prediction of the yield will be low at 
the centre and increase rapidly as we move away from the 
centre. However, on the other hand, if there were too 
few replications at the centre points, the standard 
error per unit of the predicted yield may be greater at 
the centre point than at a point far away from the
centre point (Cochran and Cox 1957). The result of the 
replication at the centre point of the first experiment 
is given in Table 4 .4 .In this table the highest recorded value 
of the yield for each flask becomes its yield.
4.4.1.3.2 The Levels Of The Experimental Variables And 
The Experimental Plan.
The levels of the experimental variables used in 
the first half-replicate 2  ^factorial experiment
(henceforth called the "first experiment") are given in 
Table 4.1. Table 4.2 gives the plan for the
half-replicate 2  ^ factorial experiment and the result 
of the first experiment, where the highest reading for each flask
becomes its yield.These results were treated using Yate's method 
(Yate, 1937J to analyse the effects of the variables.
4.4.1.3.3 The Application Of Yate's Method To Calculate
The Main Effects And The Effects Of The 
Interactions Between The Variables.
By first ignoring the sixth factor (X^) the 
combination of factors can be treated as a full 2** 
factorial using an adaptation (Cochran and Cox 1957) of 
Yate's method (Yate,, 1937) to calculate the main effects 
and interaction effects using the following procedures:
Firstly, the treatment combinations are written 
down in the systematic order of the plan where the 
variables are introduced in turn and the introduction of 
any variable is followed by its combinations with all 
the previous treatment combinations.
Secondly, the yields are entered in the next
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column/ To get the upper hdtlf of column 1 (i.e. number 1 
to 16) the yields are added in pairs ,e.g. yield I added to 
"yield 2 give the first value in column I,yield 3 added to yield 4 
give the second value in column I,and so on.To get the lower half of 
column 1 (i.e. number 17 to 32/,the first member of each pair is 
subtracted from the second member, e.g. yield 2 subtracted by yield I 
give the I7th. value of column I and so on.
Thirdly, the same process is applied to column I to get column 2 
and similarly for all column until column 5 is obtained .The first . 
number of column 5 is the Grand Total GT .The succeeding factorial 
effects come out in the order in which the treatment combinations were 
written down.
If the factor was not present, the figures in column 5 would 
represent the factorial effect totals for all main and interaction effects 
of factors X1,X2,X^ ,X^ . and Xg The effect of
re-introducing the factor Xg can be expressed by a 
parameter called the defining contrast (section 
4.4.1.3). By multiplying all the interaction
combinations with the defining-contrast and removing all 
the square terms, a new list of interaction combinations 
involving Xg results . Each of these new
interaction combinations is the alias of the
corresponding interaction combination in the full 2^
factorial. For reasons that have been explained before 
(section 4.4.1.3) the interaction combination with the 
smallest number of variables is chosen from each alias 
pair to be assigned the value of the interaction effect.
Table 4.3 shows the result of the application of 
the modified Yates method on the result of the first 
experiment.
The main effects and interactions were then tested 
against the error variance per experimental unit
for significance of selected confidence levels
using the statistical F-test (Cochran and Cox 1957, 
Himmelblau 1970).
4.4.1.3.4 The Linear Response Surface Of The First 
Experiment.
To enable the position of the optimum point with
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respect to the area of the first experiment to he determined, the
experimental results were fitted with a linear equation and the 
linear multi-dimensional response surface analysed.
The data were fitted with a linear equation using the 
method of the least squares fit (Cochran and Cox, 1957) which can 
he described as follows :
The linear equation for the response surface is:
where is the predicted yield value of the Nth. experiment. N= I,....,32. 
Xj| is the value of the experimental variable (in coded form) 
for the Nth. experiment.
K  is the ith. coefficient of the linear equation.
The relationship between the actual yield y^  and the experimental 
variables is :
where p  ^ is any arbitrary (unoptimised) value of the i-coefficient 
of the linear equation.
y^  is the actual value of the yield of the Nth. experiment. 
(ERR)jj is the error of the prediction.
The experimental variables and the constant Xq^ (with a 
constant value of 1.0) as listed in the form of the table 4.6 is 
called the X-matrix of the linear equation. The least squares estimate
of p ^ (= b^ ) are chosen so as to minimise the sum of the squares of 
the deviations :
32
yN 'bo+bixiN+t2x2N+"b3x3N+1:)4x4N+lD5x5N’fb6x6N 4.1
yN /4)x0N+/^IN+/^X2N+^ X3N+A X4nV5X5N‘1^X6N+ E^RR N^ 4.2
y^N~^ OxON~^ IXIN~^ 2X2N^3X3N^4X4N^3X5N^6X6N^ 4.3
N-I
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The value of b. which minimises this expression 
satisfies the following normal equations : 
bo(0 0) + b];(01)+b2(02)+b3(03)+b4(04)+b5(05)+b6(06)=0y 
bo(10)+b1(ll)+b2(12)+b3(13)+b4(14)+b5(15)+b6(16)=ly 
bo(20)+b1(21)+b2(22)+b3(23)+b4(24)+b5(25)+b6(26)=2y 
bo(30)+b1(31)+b2(32)+b3(33)+b4(34)+b5(35)+b6(36)=3y 
bo(40)+b1(41)+b2(42)+b3(43)+b4(44)+b5(45)+b6(46)=4y 
bo(50)+b1{51)-rb2(52)+b3(53)+b4(54)+b5(55)+b6(56)=5y 
bo(60)+b1(61)+b2(62)+b3(63)+b4(64)+b5(65)+b6(66)=6y ....  4.4
factorial (as with any factorial experiment) the variables 
in the X-matrix for the linear equation have been arranged 
so that they are orthogonal to each other, i.e. the sum of 
the products of any two columns in the X-matrix is zero and 
the sum of squares of any column is equal to the number of 
treatments. The matrix of normal equations therefore 
reduces to a diagonal matrix. Further, the column matrix 
(iy) is given by the main total effects as shown in table 
4.7; where a main total effect is defined as a
main effect before being divided by the number of
experiments to give its average value, which becomes the 
main effect (section 4.1.1.).
The next step is to find the inverse of the matrix 
(ij). The inverse matrix of the normal equations is also a 
diagonal matrix (Dij) as shown in table 4.8. The regression 
coefficients b: of the linear equation were obtained by
which is the sum of products of the ith column of 
(Dij) with the column (iy). The values of are shown in
table 4.9.
-sum of products of the ith. and jth 
columns in x.
-sum of squares of the ith. column in x
-sum of products of ith. column in x with column Y
In the case of the data of the half-replicate 2^
the formula 6
4.5
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14.4.1.3.5 The Analysis Of The Linear Response Surface.
A linear equation was fitted to the data of the first 
experiment and the position of the optimum with respect to 
the surface was checked using the following procedures 
(Cochran and Cox, 1957):
i. The combinations of the variables used may fall on 
a plateau containing the yield optimum if the following 
conditions are fulfilled:
a) The linear equation fits the data satisfactorily, 
such that the mean square of the deviations is not 
significant, and
b) All the coefficients of the main effects are small 
compared to the coefficients of the main effects in the 
linear equation(s) describing the multi-dimensional 
response surface about the previous centre point(s).
ii. If the linear equation fits the data 
satisfactorily (as defined in (a) above) but the 
coefficients of the main effect are large, this shows that 
the surface is not curved but it is steep, indicating that 
the area containing the optimum may be far away from the 
area and the method of steepest ascent (section 4.1.1) has 
to be resorted to to find the area containing the optimum. .
iii. If the mean square deviation of the linear 
equation is significant, it shows that the area is in a 
region where the curvature of the surface must be taken 
into account. There are then two possibilities:
a) If the coefficients of the main effects are small,
the optimum may be contained in the area.
b) If the coefficients of the main effects are large,
the optimum may also be contained in the area, but the
curvature of the surface in this case may also be caused by 
the difference between the lower and the upper levels of 
one or more variables being too great, in which case the 
optimum point may not be contained in the area.
If the results, of the analysis predict that the optimum 
is contained by the area, the experiment can be 
complemented with the extra points which are necessary to 
make the rotatable central composite design (Cochran and 
Cox, 1957).
4  -  ( 2 .
4.4.2 THE METHOD OF THE PAflH OF STEEPEST ASCENT.
In the analysis of the linear response surface 
(section"4.4.1.3.5), when an area does not contain the 
optimum, the method of the path of steepest ascent has to 
be resorted to to find the area containing the optimum.
The result of the linear analysis for the data of the 
first experiment shows that the linear equation did not fit 
the data satisfactorily (table 4.10). The mean square error 
of the equation was significant at 99% confidence level. 
Thus the surface was not linear but curved. The 
coefficients of the main effects of T and G were also large
(table 4.9), indicating that the curvature may have been
on account of the differences between the lower and upper
levels of these two variables being too large instead of on
account of the optimum being in the area (procedure iii.b. 
in section 4.4.1.3.5). That the curvature was caused by the 
former instead of the latter was supported by the fact that 
the average yield at the centre point was very much lower 
than the yield at many of the other points in the 
experiments (table 4.4 and table 4.2). The path of the
steepest ascent was therefore used to find a new centre 
point with a significantly higher yield than that predicted 
by the linear equation of the first experiment. A second 
half-replicate 2^ factorial would then be carried out 
about this second centre point.
4.4.2.1 A Mathematical Description Of The Path Of 
Steepest Ascent.
Taking the centre of the first experiment as the
origin, it was needed to move to a position P with
A A A  A A A t
coordinates (xifx2 #x3'x4'x5'x6 * 30 that the response
^(x^,x2/X3,x4,x5,x6) was maximised. The change in $  is 
dependent on the size of the "jump distance" ("J" ) from the 
origin to P. The jump distance ("J") is defined by
For a given value of J the value of x^ that
. 4-6
maximises pf is cr ’'en by
47
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where g~is the partial derivative of $  with respect 
to x^ ,taken at point P.
jP is the multiplier calculated so as to satisfy equation 4.6, 
The actual value of ^  is:
4.8
èfii
The partial derivatives were estimated from the result
of the first experiment by differentiating the linear 
equation with respect to each in turn.
From table 4.9, the linear equation was:
JZT - y =124.69-47.53xI+3.79x2+22.92x3-ro.23x/(-8.83x5-5.zt8x6 ... 4.9
The partial derivatives are thus:
3 %  ^ 7.53, ^  - 3.79, ^  =22.92, ^  = 0.23, ^  =-8.83, 
= -5.43 and f i * J /53.92 
* x6
J is best kept small so that when the predicted 
value of jZf . begin to differ significantly from the actual 
value it will not be missed. Points J=I,2,3,4 were tested successively 
and the results were given in table 4.11. The criterion for 
a new centre point is that the actual yield at that point 
along the path of steepest ascent differs significantly
from its value as predicted by the linear equation of the
previous factorial experiment (in this case the first
experiment). As the point at J=4 satisfied the above 
criterion, it was chosen as the new centre point.
4.4.3 CORRECTIONS IN THE LEVEL OF VARIABLES.
In the first experiment it was found that the main
effects of the variables pH, YE and S were not significant
at a confidence level of 95%. This could be due to either
the levels of each of these variables being too close 
together or the variables actually having no effect on the 
yield in the area of the response surface (Cochran and Cox, 
1957). Tests were made on the yeast extract by varying its
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initial concentration acrots a wider range and by removing 
it altogether. The result showed a significant effect of 
the yeast extract at the new levels (table 4.12).
The difference between the two levels of the pH was 
also enlarged while that of the T, G and P were reduced. 
This was done to correct the poor choice of the difference 
between the levels in the first experiment. The levels of 
the variables used in the second experiment were as in 
table 4.13.
4.4.4 THE SECOND HALF-REPLICATE 2^ FACTORIAL EXPERIMENT.
This experiment is henceforth referred to as the 
second experiment. The result of the second experiment is 
given in table 4.14. Table 4.15 gives the result of the replication 
of the second centre point and the statistical data that was calculated 
from it .In both these tables the enzyme yield of a flask is given by 
the highest of several values. The result of the second experiment was 
treated in exactly the same way as the result of the first experiment.
In addition, the analysis was extended to the enzyme volume yield,enzyme 
specific yield and the biomass yield.
The results of the application of Yate's method (Yate, 
1937) on the four yield expressions as above are given in 
table 4.16 through to 4.19.
4.4.4.1 The Linear Response Of The Second Experiment.
The linear response function of the second experiment 
was calculated as in the first experiment. In addition, the 
calculation was repeated for the enzyme volume-yield, 
enzyme specific yield and the biomass yield. The solutions 
for the coefficients of the.linear equation for each of the 
yield expressions are given in table 4.21 through to 4.24.
Table 4.25 through to 4.28 give the evaluation of 
these linear equations.
4.4.4.1.1 The Linear Equation For The Enzyme Cost Yield.
Table 4.25 give the evaluation of the linear equation
for the enzyme cost-yield. The linear equation for the 
enzyme cost-yield gives a rather bad prediction of the 
results, the mean square error being significant at 90%
t
confidence level. This suggests that the response surface 
might be curved.
The next task was to check whether the coefficients 0f 
the main effects in the linear equation were smaller than 
their counterparts in the linear equation for the first 
experiment, in which case it could be concluded that the 
optimum should be contained by the area of the second 
experiment.
This task has been made difficult by the readjustment* 
of the differences between the levels of the variables prior to 
the second experiment. Any decrease or increase in the 
value of a coefficient has to be considered with respect 
to the change in the difference between the levels of the 
variable. Taking this into account the conclusions that can 
be drawn on the change in the value of the absolute 
coefficient per unit difference in levels of the variables 
are presented in table 4.20.
VARIABLE COEFFI­
CIENT
%CHANGE IN 
THE DIFFERENCE 
BETWEEN LEVELS
%CHANGE IN 
THE ABSOLUTE 
VALUE OF 
COEFF.
OVERALL CHANGE IN 
THE ABSOLUTE 
VALUE OF COEFF. 
PER UNIT DIFF.
IN LEVELS
T bl -50% -50% NO CHANGE
PH > + 50% + 150% INCREASE
G b -31% -20% INCREASE
YE b3
4
+ 100% +290% INCREASE
P b
5 -25% +190% INCREASE
S -40% + 200% INCREASE
TABLE 4.20: TRENDS OF COEFFICIENTS OF THE LINEAR EQUATION.
Thus there has been a general increase in the absolute 
values of the coefficients of the linear equation in the 
second experiment compared to those of the linear equation 
in the first experiment. This indicates that the gradient 
of the response surface has increased in the second 
experiment compared to the first experiment; whereas on 
approaching the optimum the gradient should decrease. This 
suggests that the optimum might not be in the area.
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However, the mean square error of the prediction of 
the linear equation has also increased in the second 
experiment compared to the first experiment. This was 
despite the correction in the difference between the levels 
of variables that has been done prior to the second 
experiment. It seemed likely therefore, that the curvature 
of the response has increased in the area of the second 
experiment compared to the first experiment. This would 
suggest that the optimum might be in the area; in 
disagreement with the above suggestion.
Further, the error variance per experimental unit has 
actually increased in the area of the second experiment 
compared to the first experiment. This might have played a 
part in increasing the mean square error of the prediction 
of the linear equation of the second experiment. Thus no 
clear indication has emerged as to whether the optimum 
might be in the area of the second experiment or not.
Despite this, the fact that only four out of the 
thirty-two combinations that were tested in the second 
experiment gave higher yields than the second centre point 
suggests that the optimum might still be close by. On this 
basis, it was decided to complement the second experiment 
with the necessary extra points to make the rotatable 
central composite design (Cochran and Cox, 1957). The 
results of the experiments at these points are shown in 
table 4.29.
4.4.4.1.2 The Linear Equations For The Enzyme Volume Yield, 
Enzyme Specific Yield And Biomass Yield.
The linear equations for the enzyme specific yield and 
for the biomass yield each gave fairly good predictions of 
the yield, the mean square error of the predictions not 
being significant at 90% confidence level in each case. The 
linear equation for the enzyme volume yield fared even 
better, the mean square error predictions not being 
significant even at 75% confidence level in this case.
Since the linear equations for these yield expressions 
were riot evaluated in the first experiment, no comparison 
could be made to ascertain whether the absolute values of
4-17
the coefficients of the^main effects of the variables in
the linear equations have decreased. However, with the 
exception of the coefficient of the main effect of yeast
the constant b for each of the three equations (table 
4.26 through to 4.28), indicating a fairly good chance that 
the optimum for each yield expression was in the area.
4.4.5 THE ROTATABLE, CENTRAL, COMPOSITE DESIGN.
The rotatable, central, composite design (Cochran and 
Cox, 1957 ) was used to obtain the experimental data 
necessary for the formulation of the quadratic equation 
representing the response surface in the area which has 
been predicted to be containing the optimum.
The complete experimental plan is as given by Cochran 
and Cox (1957), called the "half-replicate 2^ factorial 
plus star design and nine points centre". The star points 
are the twelve points at a distance =+2.378 from the 
centre point, where oCis the multiplication factor for the 
increment in the levels of the variables. The increment 
itself is a standardised quantity with no units, the size 
of an increment having been determined for each variable at 
the factorial experiments stage.
Here oi is given the value of 2.378 to give the design 
the property of being rotatable, i.e. the standard error 
per unit experiment is the same for all points that are at 
the same distance (in terms of multiples of increments) 
from the centre of the region (Cochran and Cox, 1957, Box 
et al. 1978). This is a property adopted because it was 
not known in advance how the response surface would orient 
itself with respect to the x-axes.
4.4.5.1 Statistical Analysis Of The Composite Design.
The form of the quadratic equation for 6-x variables 
is as follows :
extract, all the coefficients are fairly small compared to
6 6 6
A table of the X-matrix for the quadratic response was
drawn v£ as in table 4.6Ï. The sum of products of each 
column of the X-matrix and the Y-column matrix of yields 
was then calculated and designated iy, iiy and ijy in 
accordance with the subscript of the X-column. This was 
done for each of the four yield expressions and the results 
were as in table 4.32 to 4.35.
Equation 4.10 indicates that the regression would 
contain 28 coefficients bQ, b^, b ^  and b^j. The 
regression coefficients were calculated using the formulae 
as given by Cochran and Cox (1957) which are in table 4.31. 
These coefficient are tabulated with the sums of products 
of the columns of X-matrix and the Y-matrix in tables 4.32
through to 4.35.
The sum of squares (S.S) for the first order terms and 
the second order terms, the mean square deviation and the 
experimental error were found by the general formulae as 
givem by Cochran and Cox (1957) which are shown in table 
4.36. The results of this analysis were as given in tables 
4.37 through to 4.40.
4.4.6 EVALUATION OF THE CANONICAL FORM OF THE QUADRATIC 
RESPONSE FUNCTION.
To enable us to analyse further and graphically 
interpret the quadratic response surfaces that have been 
estimated by the regression equation 4.10, the equation was 
transformed into its canonical form (Himmelblau, 1970). The 
canonical form is a simpler form of the equation which can 
be interpreted in terms of geometric concepts. The original 
equation was transformed to the canonical form by 
transforming the centre of the old coordinates to the 
extremum of the response surface and then rotating the axes 
to achieve symmetry. The transformation from the old 
coordinates X ^ , X^, Xg, X^, Xg, X^ to the new 
coordinates, or principal axes, , F^, Fg, F^,
F5, F6 and the rotation of the axes yielded a new 
expression of the equation, in terms of the principal axes, 
which was much simpler than the original equation in that 
all the first-order terms and cross-product terms have been 
eliminated.
Before transforming to the canonical form the
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quadratic equation has to be written in full, which 
includes, both the terms b^j and b , whereas in the 
calculation of the regression coefficients previously the 
pair have been combined and written, only once as b^j 
since they contain the same variable in X. To eliminate any 
ambiguity each member of every pair of coefficients was 
replaced by their mean (b^j+bj^)/2 (Himmelblau, 1970),
which is given by half the value of the coefficients as 
given by table 4.32 through to 4.35. The complete equation 
is therefore :
yN = bo + blxlN + b2x2N + b3x3N + b4x4N + b5x5N + b6x6N +
b12xlNx2N + b12x2NxlN + ^13X1NX3N + b13x3NxlN +
2 2 2 2
b23x2Nx3N + b23x3Nx2N + b14xlNx4N + b14x4NxlN +
2 2 2 2
b24x2Nx4N + b24x4Nx2N + b34x3Nx4N + b34x4Nx3N +
2 2 2 2
b15xlNx5N + b15x5NxlN + b25x2Nx5N + b25x5Nx2N +
2 2 2 2
b35x3Nx5N + b35x5Nx3N + b45x4Nx5N + b45x5Nx4N +
2 2 2 2
b16xlNx6N + b16x6NxlN + b26x2Nx6N + b26x6Nx2N +
2 2 2 2
b36x3Nx6N + b36x6Nx3N + b46x4Nx6N + b46x6Nx4N +
2 2 2 .* 2
b56x5Nx6N + b56x6Nx5N  ..................    4el1
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This can be written in matrix notation as,
Tt
= bO + Bi*N + ÏNXBiiÏN...........
where ,b2 f ,bg, )
' # # ##«"#»#$ ####« 412
-N
X1N bll b l2/2 b 13/2 b l 4/ 2 b l 5/2 bl6/2
X2N bi2/2 b 2.2 b2.3/2 b 2472 b 2572 b 2 6 72
X3N bl3/z b23 /2 b 34/2 b 3 572 b3672
X4N , and B n  = bu /Z b2 4 /2 V 72 b 44 b 4 5 / 2 « W 2
X5N b i of? b2 5 /2 ^ 5  72 W 2 b 55 b5 672
X6N bl6^2 b2 6 / 2 ^6 72 b4672 b5672 b6 6
The centre of the new system in the experimental space 
is located at the maximum of the old system. To get the 
coordinates of this maximum, the partial derivative of the 
response function was set to zero, the maximum was checked 
by using the second derivative and the simultaneous 
equations of the first derivative were solved for the 
coordinates of the maximum point. .
In order for the surface to have a centre the 
determinant of the matrix B 
(Himmelblau, 1970)
The partial derivatives 
expressed as follows :
11 must not be equal to zero 
of equation 4.11 can be
+2bü xi * y xj 413
3
i<3
which can be expressed in matrix notation as;
B1  +  2 B l l 2 S "  0  " 414
Himmelblau (1970) solved equation 4.14 for X giving the set 
of X£ at the maximum point as;
-max (1/2)B n  B^ 4-15
The levels of the variables at this theoretical maximum 
point" were calculated " from this eqüatiôff- and the 
combinations for the maximum of each of the four yield
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expressiqiis were tested experimentally giving the results as in tables
and 4.48. In these tables the highest value of the enzyme
concentration in nmol, per litre for each flask becomes its volume yield
from which its other enzyme yields are calculated.
The values of the theoretical maximum was calculated by introducing
the values X. at X into equation 4.12si max
3W= *0 + BA*x+ 4 x  BIAsx .  4.16
To eliminate the first order terms new independent variables are 
measured from the new centre point and defined as follows:
: = ...................... 4.17
This relation for X is introduced into equation 4.1 giving
+ + d + X ^ TB±I^ + W  ........  4.18
Subtracting equation 4.16 from equation 4.18;
H a t W  + %llD+ I Bn x      ....  4.19
Himmelblau(1970J has shown that the expression in the bracket is 
equal to zero as follows: ^
i) Premultiplication of equation 4.15 successively with b,, and X .
rp rp rp «*■•*■
^  % BuXmax- -( 5 ) &  B1 )
ii) The equality of £ - (| K  )
can be demonstrated by multiplication of the elements of the respective 
matrices. '
mmm mmm
Consequently, y - y^^ = X X   4.20
Thefinal step is the rotation of the axes for equation 4.20 using
the technique described by Himmelblau (1970) which results in an equation 
without cross-product terms.
T TBy definition, an nxn unitary matrix U has the property U U=UU =1
T -1 . n
and is an orthogonal matrix, i.e. U =0 •
Since Bn1 is a symmetric matrix, it has the property that there
Talways exists an orthogonal matrix U such that U B j^U is a diagonal 
matrix whose diagonal elements are the eigen values of B^. Further, the 
eigen vectors associated with distinct eigen values of a teal symmetric
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matrix has the property that they are orthogonal. This set of eigen vectors 
, '
form the unitary matrix U. The orthogonal transformation is accomplished 
by introducing the transformation
X = U F  ...............  4.21
into equation 4.19 as follows :
_T - , _ T  _ _T T
y " ymax = * Bll£ = ("F) Bu (UF; = F. (U.BU U;F
y - w  =Vi2+V22+V32+V/t2+V52+Vé2 •••••...... 4.22
where X  are the eigen values of i.e. they are the elements of the 
1 t *LX
matrix U B^U.
The values Fr can then be calculated by the inverse of equation
4.21 , i.e. y
Fr=U ^  - UT(X -    .....4.23
The F-values (- F^  ^for the 53 combinations of variables that have
been tested in the experiment were calculated by computer using the
transpose of the coefficients of eigen vectors .The eigen values and
the coefficients of eigen vectors (as U ) associated with them for each
of the four yield expressions are given in tables 4.49 to 4.56.
Substituting the value of y^^ into equation 4.20 we have an equation
in y, the predicted value of the yield,and the factors F ^  of the principal
axes, which are functions of the experimental variables - Models consisting
of different numbers and combinations of the factors F 2 were thenr
evaluated and submitted to statistical analysis. To see the effect of 
removing an axis r from the original model of equation 4.20 the coefficient 
of the model was set at zero and the sum of squared error of the prediction
of the model was divided by the number of degrees of 
freedom of the model to get the mean square error. The mean 
square error of the model was then divided by the error 
variance per experimental unit as calculated from the 
replicated centre point. If this ratio was significant at a 
predetermined confidence level, it showed that the model 
has incurred significant error compared to the experimental 
errors. Models were also compared with each other in this 
way and the best model was chosen which has the smallest 
number of factors but did not involve significant errors 
compared with the full model involving all the factors. The 
results of the statistical analysis for all models of each 
of the four yield expressions are as in Table 4.57 to 
4.60. The predictions of the yields by the best models of
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each yield expression arte as shown in Table 4.65. Figures
4.1 to 4.4 show the spread of the points in these 
predictions from the 45° line.
4.4.7 RE-EVALUATION OF THE QUADRATIC RESPONSE FUNCTION.
For each of the four yield expressions, table 4.57 
through to 4.60 show that the exclusion of certain axes 
from the full canonical form resulted in models with lower 
mean square errors compared to that of the full canonical 
form. This led to the suspicion that the true optimum might 
have been missed because the quadratic approximation on 
which the optimisation was based did not represent the true 
response surface adequately. The canonical form with the 
smallest mean square error for the yield nmol.per unit cost 
(model 41 of table 4.57) was therefore reversed to the full 
quadratic form (table 4.63) and the optimum value of the 
yield and conditions at that' point recalculated. The 
results of the re-optimisation are in table 4.64.
4.5 RESULTS AND DISCUSSION.
4.5.1 THE RESULT OF THE FIRST HALF-REPLICATE 26 FACTORIAL 
EXPERIMENT.
Table 4.4 shows that the enzyme yields at the first 
centre point were not nearly as good as that achieved by 
previous workers (e.g. Lim, 1977) although the biomass 
yield was higher in this case. As mentioned previously 
(section 4.4.1.2), the first centre point conditions were 
based on a modification of the set of conditions used by 
the previous workers in the University of Surrey group 
(section 2.1.1). It was clear therefore that these 
modifications have caused the drop in the enzyme yield.
The modifications were made in three areas: 
aeration /agitation conditions, initial pH and inoculum 
size and preparation. It has since been shown (King, 1983) 
that the modification in the inoculum size and its method 
of preparation is not likely to have cause any significant 
effect on the enzyme yield.
4-24
4.5.1.1 The Result Of The Application Of Yate's Method.
In the analysis of*main effects and interactions by 
Yate’s method (Yate,1937), table 4.5 shows that the main 
effects of temperature and glucose were important in 
describing the yield about the first centre point, each 
being significant at 99% confidence level. The significance 
of the effect of changing the initial concentration of 
glucose from 66.4g.per litre to 113.6g.per litre (table 
4.1) was consistent with the result of Lim (1977) who 
showed that with initial glucose concentrations below 
100.Og.per litre, the final biomass yield decreases with 
the decrease in initial glucose concentration.
The two-factor interactions pH-G and T-G and the 
three-factor interactions G-YE-P (or its alias T-pH-S) and 
pH-G-P (or its alias T-YE-*S) were significant in their 
effects at 99% confidence level.
The assignment of values to the main effects and the 
interactions in this experiment was made on the assumption 
that the three-factor interactions (and hence interactions 
of higher orders as well) are not significantly larger than 
the experimental error (section 4.4.1.3). The significance 
of the three-factor interactions as above served as a limit 
to the interpretation of the results based on this 
assumption.
4.5.2 THE RESULT OF THE PATH OF. STEEPEST ASCENT SEARCH.
The results of the path of steepest ascent search as 
in table 4.11 show that the enzyme specific yield of 4nmol. 
per g . wet yeast (equivalent to about 20nmol. per g. dry 
yeast) as achieved by Lim (1977) was also achieved in this 
work but with a very different set of conditions. This new 
combination of conditions offered a better alternative than 
the set of conditions used by Lim (1977) and Wiseman 
et.al. (1978) in terms of the enzyme-cost yield. The
average cost yield was 325.82nmol. per unit cost in this 
case compared to 156.82nmol. per unit cost in the case of 
Lim (1977).
This new set of conditions was also the first to show 
a significantly different yield as points were tested along 
the path of steepest ascent with a step size J=1. It was
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thus taken as the new centAe point.
4.5.2.1 The Replicated Centre Point Of The Second 
Experiment.
As mentioned above, the centre point for the second 
experiment gives a much higher enzyme cost-yield than that 
achieved by previous workers.
The enzyme volume-yield and the biomass yield were 
also better in this case compared to that of Lim (1977), 
the average in this case being 242.98 and 14.97 
respectively, compared to 180.00 and 9.00 respectively in 
the case of Lim (1977). However, the average enzyme 
specific yield was still a little lower than the figure of 
20.Onmol. per g. dry yeast, being 18.47nmol. per g. dry 
yeast in this case.
The replications of the second centre point (table 
4.15) also show that the biomass yield gave smaller errors 
in this second centre point compared to the first centre 
point. But the enzyme cost-yield, volume-yield and 
specific-yield each gave larger errors in the second centre 
point compared to the first centre point. This was despite 
more samples being taken from each flask of the second
centre point compared to the first point. The conclusion
is that at the second centre point the cytochrome
P-450 was subjected to bigger experimental errors than at 
the first centre point. Since all measurements of 
quantities were subjected to the same errors and since more
samples have been taken at the second centre point and
taken at closer time interval, the larger errors at the 
second centre, point could only be attributed to the 
possibility that at the new centre point the same change in 
the values of the variables caused a bigger change in the 
enzyme yield. This would be possible if the response 
surface was equivalent to being bell-shaped, but in six 
dimensions. Consequently, the effects of errors in the 
measurements of quantities were magnified.
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If.5.3 THE RESULT OF THE SECOND HALF-REPLICATE 2 FACTORIAL EXPERIMENT.
4.5.3 4* The Enzyme Cost Yilld.
In the analysis of the main effects and interactions
of the variables on the enzyme cost yield, table 4.16 shows 
that the main effects of T, YE and P were very important 
being significant at 99% confidence level. The main effects 
of G and S were also important being significant at 97.5% 
and 95% confidence levels respectively. The main effect 
of pH was less important, being significant only at 75%
confidence level.
The signs of these effects indicated the direction of 
change in the yield upon increasing the levels of these 
variables from the lower to the upper levels. Increasing T, 
p, s and pH would each cause the enzyme cost yield to 
decrease while increasing G and YE would each cause the 
enzyme yield to increase.
The effects of the two-factor interactions T-YE and 
YE-P were very important, being significant at 99% and 
97.5% confidence levels respectively. The effects of the 
three-factor interactions T-YE-P (which was
indistinguishable from its alias pH-G-S) were also very 
important, being significant at 99% confidence level.
4.5.3.2 The Enzyme Volume Yield.
Table 4.17 gives the result of the analysis by Yate?s 
method (Yate,1937) on the enzyme volume yield. The main 
effects of G was shown to be more significant to the enzyme 
volume yield than to the enzyme-cost yield. The main 
effect of P has become much less important in this case, 
not being significant even at the relatively low confidence 
level at 75%, although it was very important to the cost 
yield, being significant at 99% confidence level. Further, 
the sign of the main effect of P is different in the two 
cases. Increasing the level of P would decrease the enzyme 
cost yield significantly but it increases the enzyme volume 
yield nevertheless.
4.5.3.3 The Enzyme Specific Yield.
The main effect of YE was very important to the enzyme 
specific-yield being significant at 99% confidence level,
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in commçri with its effects^on the enzyme cost yield and 
enzyme volume-yield. The main effects of T,G and P have 
become relatively less important in this case compared to 
their effects on the enzyme-cost yield while the main 
effect of S has become relatively more important.
Increasing the P from the lower level to the upper 
level caused the enzyme specific-yield to decrease; in 
common with its effect on the enzyme cost yield but in 
opposition to its effect on the enzyme volume yield. This 
suggests that the effects of increasing P should be to 
increase the final biomass yield, thereby increasing the 
enzyme volume yield, which in turn was not worth the cost.
The main effect of G was only fairly important, being 
significant only at 75% confidence level. With the lower 
level of G at 94.0g.per litre and the upper level at 
140.Og.per litre (table 4.13) the relatively low 
significance of the efect of G was consistent with the 
result of Lim (1977) who showed that with initial glucose 
concentration above 10.Og.per litre the specific yield of 
cytochrome P-450 did not change very much with the change 
in the initial glucose concentration.
The effects of the two-factor interactions T-YE and 
YE-S and the three-factor interactions T-YE-P (or its alias 
pH-G-S) were all important being significant at 97.5% 
confidence level. It was noteworthy that these interaction 
effects were each more significant than the main effects of 
the variables contributing to the interactions.
4.5.3.4 The Biomass Yield.
In the analysis for the biomass yield (table 4.19) the 
main effects of T,G,YE and P were all very important, each 
being significant at 99% confidence level. Increasing P from 
the lower level to the upper level caused an increase in 
the final biomass yield, which is consistent with the 
earlier predictions of the analyses for the enzyme yields.
Increasing G or YE also caused the final biomass to 
increase. Considering that the main effects of G and P on 
the specific yield, of the enzyme were only fairly significant (only 
significant at 75% confidence level), the high significance
of the• main effects of Gt and P on the biomass yield 
suggests that the variables G and P were important for 
their nutritional values rather than any inductive effect 
which they might have on the formation of the enzyme.
Increasing T caused the final biomass yield to 
decrease just as it caused the enzyme cost yield, volume 
yield and specific yield to decrease. There was thus no 
gain to be achieved by increasing T. Its optimum value 
would therefore be expected to be nearer to the lower level 
than the upper level used in this experiments.
4,5.4 THE RESULTS OF THE ROTATABLE,CENTRAL COMPOSITE DESIGN
EXPERIMENT.
4.5.4.1 The Quadratic Equation For The Enzyme Cost Yields
Table 4.37 shows that the representation of the cost 
yield response surface by a quadratic equation (equation 
4.10) gave a very poor fit, the mean square error being 
significant at 99% confidence level. The quadratic 
approximation was therefore inadequate. Both the first and 
second order terms gave mean square values which were 
significant at 99% confidence level, showing that the 
response surface consisted of both linear and curved parts.
Compared to the second experiment, the complementary 
points making up the composite design were situated further 
from the centre of the experiment. It is possible that at 
these extreme points deviations from the quadratic 
approximation have occurred, just as they did deviate from 
the linear models of the factor analysis experiments 
(chapter 3 section 3.4.1), thus causing the large mean 
square errors mentioned above. As mentioned in chapter 3 
(section 3.4.1) it is possible that a different mechanism 
of cytochrome P-450 formation, induction or destruction has 
been active at these extreme points.
For example, the variables G, YE and P were important 
for their nutritional values at points near the centre 
(section 4.5.3.4). As each of them was decreased, the yield 
decreased with them. Conversely, if they were increased 
above a certain level, the further contribution brought 
about by the extra amount might not justify its cost and
the enp'yme cost yield would begin to drop again. But above 
a certain high level, one or more of these nutrients might 
not only influence the process nutritionally but it might 
also influence the aeration/agitation of the process 
through increased viscosity. Further, it might also 
influence it in a way which is favourable to the yield, 
thus changing the direction of change of the yield with the
change in the variables. .
• If the above were to happen# a quadratic approximation 
would not be able to predict the yields accurately because 
the surface would contain local optima. Table 4.29 shows 
that one of the points at the pheriphery (i.e the point 
with the variable P at level 0<=-2.378) comes close to 
equalling the mean yield at the centre point; thus 
substantiating the hypothesis of local optima or a ridge.
In cases where a surface consists of local optima, the 
quadratic approximation will be more accurate if the area 
is kept small so that it will not involve another optimum. 
The problem then is that it will not be able to choose the 
best of the local optima if it happened to start near a 
small local optimum and far from the overall optimum. Thus 
taking a large area has the advantage of improving the 
chances of getting the true optimum at the expense of the 
accuracy of the model.
4.5.4.2 The Quadratic Equation For The Enzyme Volume-Yield.
Table 4.38 gives the analysis of the variance for the
enzyme volume-yield. In this case the mean square error of 
the prediction of the equation was about twice as big as 
the experimental error and was only significant at 75% 
confidence level, indicating that the quadratic 
approximation was quite adequate. Both the first and second 
order terms also give mean square values which are 
significant at 99% confidence level, indicating that the 
response surface consisted of both linear and curved parts.
4.5.4.3 The Quadratic Equations For The Enzyme
Specific-Yield And The Biomass "Yield.
Table 4.39 and table 4.40 on the analyses of variance
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for ti?è quadratic equations of the enzyme specif ic-yield 
and the biomass yield respectively show that in each case 
the fit was poor. The mean square error was significant at 
99% confidence level in each case. Nevertheless, the root 
mean square errors of the predictions at 31% (table 4.59) 
and 18% (table 4.60) of the respective mean yield at the 
centre point respectively meant that these errors were 
still reasonably small. In both cases, the first and second 
order terms also give significant mean square values.
4,5.5 THE RESULTS OF THE EVALUATIONS OF THE CANONICAL FORM
OF THE QUADRATIC RESPONSE FUNCTIONS.
4.5.5.1 The Results Of The Evaluation Of The Points Of
Optimum Yield.
4.5.5.1.1 The Point Of Optimum Enzyme Cost-Yield.
Table 4.41 gives the values of the experimental 
variables at the theoretical optimum ,of the response 
surface of the enzyme cost-yield.
These values have been tested experimentally and the 
results are given in table 4.43. It shows that the 
predicted optimum yield of 395.OBnmol.per unit cost was not 
attained and that the average yield of three runs at the 
optimum conditions was 307.11nmo1. per unit cost, which was 
less than the mean yield at the centre point of 325.82nmol. 
per unit cost (table 4.15). The yield at the centre point 
was however not ' significantly greater at 75% confidence 
level than the yield at the theoretical optimum point. The 
mean yield at the centre point represented an improvement 
of about 125% compared to the results of earlier workers 
(Lim, 1977? Woods, 1979? Gondal, 1979; Wiseman et al.1978; 
Azari and Wiseman, 1981 and King et al.1982b). The 
conditions at the theoretical optimum point are very 
different from the conditions at the centre point.
4.5v5.1.2 The Point Of Optimum Enzyme Volume-Yield.
Table 4.42 gives the values ‘of the expérimental 
variables of the theoretical optimum point of the response
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surface for the enzyme volume-yield.
Table 4.44 shows three widely-differing results of
runs at the optimum conditions. The average yield at the 
optimum point of 282.05nmol. per litre was lower than the 
theoretical optimum of 321.46nmol. per litre. It is also 
not significantly greater than the mean yield at the centre 
point of 242.98nmol. per litre in an F-test at 75%
confidence level. The mean yield at the centre point of
24 2.98nmol.per litre represents an improvement of about 35% 
compared to the results of earlier workers mentioned above. 
The mean yield at the theoretical optimum of 282.05nmol.per 
litre represents an improvement of about 56%. The values of 
the experimental variables at this optimum point were again 
very different from those of the centre point. They were, 
however, not very different from the conditions at the 
optimum of the enzyme cost yield and the mean yields in 
nmol.per unit cost at these two optima were within 2% of 
each other (table 4.4 3 and 4.44).
4.5.5.1.3 The Point Of Optimum Enzyme Specific-Yield._
Table 4.4 6 gives the values of the experimental
variables at the theoretical optimum of the response 
surface of the enzyme specific-yield. Table 4.48 gives the 
results of three runs at these values of the experimental 
variables. The mean yield at 12.75nmol.per g.dry yeast was 
smaller than the predicted optimum yield of 17.75nmol.per 
g.dry yeast and' smaller than the mean yield at the centre 
point of 18.47nmol.per g.dry weight. Thus the composite 
design experiments which were designed primarily to 
optimise the enzyme cost-yield have failed to find the 
optimum for the yield in nmol.per g.dry weight of yeast.
At the conditions for the theoretical optimum of the 
enzyme cost-yield the enzyme specific-yield was averaged at 
18.70, i.e. close to the mean yield at the centre point of 
18.47nmol.per g.dry weight and to the 4 nmol.per g.wet 
weight achieved by Lim (1977).
4.5.5.1.4 The Point Of Optimum Biomass Yield.
Table 4.45 gives the values of the experimental
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variables' at the theoretical optimum of the response 
surface for the biomass yield.
Table 4.47 gives the results of the three runs at 
these conditions. The mean value of 14.67g.dry weight per 
litre was close :o the theoretical optimum of 15.41g.dry 
weight per litre and also close to the mean yield at the 
centre point of 14.97g.dry weight per litre. Each of these 
mean yields represented an increase of over 60% compared to
the result achieved by Lim (1977).
The values of the experimental variables at the 
optimum were not very different from those of the centre 
point except for the significantly higher initial glucose 
concentration requirement of the former case. The initial 
glucose concentration requirement of the optimum point at 
159.Og.per litre is more than 50% higher than the value 
above which Lim (1977) found the final biomass yield 
ceasing to increase with increased initial glucose 
concentration.This concentration was justified "by the increase in 
the final biomass yield at optimal conditions.
4.5.5.1.5 Conclusions On The Points Of Optimum Yields.
It can thus be concluded that none of the four optimum 
yields was significantly higher than the corresponding 
yield values at the second centre point. The fact that 
these optima have different values of experimental 
variables compared to the centre point suggests two 
possibilities; either the surface area consisted of local 
optima or the optimum of each surface was actually a 
plateau. The earlier assertion that the area of the optimum 
might be bell-shaped favoured the description of a plateau.
4.5.5.2 The Results Of The Evaluation Of Models.
Models based on equation 4.20 were evaluated for each 
of the four yield expressions and the results are given in 
table 4.57 through to 4.60. These tables show that except 
for the quadratic equation of the enzyme cost-yield the 
transformation of the quadratic equation to its canonical 
form (equation "4 .20 )“.involved errors which"Were significant 
at 95% confidence level for all the yield expressions, but,
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rather# unexpectedly, removing certain axes from full model 
of each yield expression resulted in many models with 
errors much less than the full modêl. Further, when certain 
axes were removed individually from the full model, the 
resultant model had large mean square errors. If these axes 
were then all removed simultaneously from the full model, 
the resultant model shows a much reduced error. Such 
interactions between axes should not occur if the axes arc 
truly orthogonal as was assumed from the definition of 
these axes (section 4.4.6.). Caution must therefore be used 
in interpreting these models.
All the possible models incurred mean square errors 
which were significant at 95% or 99% confidence levels. The 
model with the smallest mean square error was therefore 
chosen to be the best model for each yield expression.
4.5.5.2.1 The Models For The Enzyme Cost-Yield.
Table 4.57 for the enzyme cost-yield shows that the 
model with the smallest mean square errors is model 41 with 
axes 1,5 and 6 removed. Axes 2,3 and 4 which made up the 
model consisted mainly of contribution from the variables P 
and pH, with the variables YE, G, T and S making smaller 
contributions (table 4.52). Compared to the results of the 
second half-replicate 26 factorial experiments, pH has 
become important in describing the quadratic response 
surface with the extra points at o4=+2.378. This is in 
agreement with Lim's (1977) result in continuous culture 
which showed a nearly-flat area which contained the optimum 
pH value bounded by a sharp fall of the enzyme 
specific-yield at both extremes of the pH value. The 
importance of all the experimental variables in describing 
the response surface of the enzyme cost-yield is also 
consistent with the result of the factor analysis 
experiments (chapter 3).
4.5.5.2.2 The Models For The Enzyme Volume-Yield.
Table 4.58 gives the analysis for models of the enzyme 
volume-yield. The model with the smallest mean square 
errors is model 5 with axis 2 removed. Axes 1,3,4,5,6 which
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make up'model 5 consisted of contributions from all the six 
experimental variables (table 4.52). Thus all the 
experimental variables were important in describing the 
volume-yield of the enzyme. Compared to the results of the 
second half-replicate 26 experiment, the variable P has 
become important in describing the quadratic response 
surface. Compared to the overall behaviour of the system as 
described by the results of the factor analysis 
experiments, the variable T has assumed a greater 
importance in the locality of this composite design 
experiment. This was possible as in this experiment, the 
variable T has taken a value (at oC=-2.378) which was not in 
the area covered by the factor analysis experiment. This 
means that the importance of the variable T at that point 
could not be detected by the factor analysis as carried out 
in chapter 3.
4.5.5.2.3 The Models For The Enzyme Specific-Yield._
Table 4.59 gives the analysis of the models for the 
enzyme specific—yield• The model with the smallest mean 
square errors is model 54 which consisted only of axis 2. 
Table 4.54 shows that the variable pH is by far the most 
important contributor to the axis 2 with P and YE
contributing only small amounts. The importants of YE in
the second half-replicate 26 factorial experiments 
has thus been rendered relatively small compared to the 
importance of pH in describing the whole surface of the 
composite design experiments. Although pH was hardly 
significant in the factorial experiments, the influence of 
pH in this way was consistent with the results of Lim 
(1977) as has been mentioned earlier. The importance of pH, 
P, YE and to a lesser extent S in describing the response 
surface was also supported by the results of the factor
analysis experiments (chapter 3).
4.4.5.2.4 The Models For The Biomass Yield.
Table 4.60 gives the analysis of the model for the
biomass yield. The best model was model 22, with axes 1 and
5 removed. Table 4.56 shows that axes 2,3,4 and 6 are made
,
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up of* contributions from all the six experimental 
variables. Compared to the results of the second 
half-replicate 26 factorial experiments, pH and S have 
become important in describing the response surface. pH 
featured most strongly in the axes making up the best model 
as it did in the best model describing the response surface 
in the factor analysis experiments (chapter 3).
4.4.5.2.5 The Performance Of The Best Model.
The best models for the four yield expression were used 
to predict the yield and the results (table 4.65) were 
plotted as figures 3.1 to 3.4.
The best model for the biomass yield was the most 
accurate model compared to the best models of the other 
yield expressions. 69.8% of the data of the biomass yields 
fall within the 25% error band.
The best model for the enzyme specific-yield has 58.5% 
of the data falling within the 25% error band.
The best model for the enzyme volume-yield has 60.4% 
of the data falling within the 35% error band.
The best model for the enzyme cost-yield has 58.5% of 
the data falling within the 35% error band.
4.5.6 THE RESULTS OF THE RE-EVALUATION OF THE QUADRATIC
RESPONSE FUNCTION.
The re-evaluation of the quadratic response function 
of the enzyme cost-yield based on the best model in the 
canonical analysis and the subsequent determination of 
optimum point predicted an optimum value of 390.87nmol.per 
unit cost (table 4.64). This predicted yield was within 1% 
ofthe optimum predicted by the original quadratic response 
function (table 4.41) .
The coordinates of this optimum point, being different 
from that of the original optimum point, support the 
hypothesis that the inaccuracy of the quadratic model might 
be due to the response surface being either a plateau or 
consisting of several local optima each being not 
significantly different in its values from the rest.
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4.6 CONCLUSIONS. t
The ' optimisation . for the enzyme cost-yield has 
succeeded in achieving a yield which represents an 
improvement of about 125% compared to the results of 
earlier workers (Lim, 1977; Woods, 1979? Gondal, 1979;
Wiseman et al.1978; Azari and Wiseman, 1981 and King
et al. 1982b).
The response surface did not fit into the quadratic 
approximation very well and there were indications that the 
optimum area was either a plateau or a number of local 
optima. The poor fit of the quadratic approximation might have been 
on account of S.cerevisiae K.G.Y.G. 240 being a mixed culture instead 
of a pure culture as was originally assumed (Chapter 5» section .$.4.1).
All the experimental variables tested were important 
in describing the response surface of the enzyme cost 
yield.
The effect of mycological peptone on the enzyme 
cost-yield was the opposite of its effect on the enzyme 
volume yield in the vicinity of the second factorial 
experimental surface. However, the optima for the two yield 
expressions have coordinates which were close together 
showing that the overall effects of each of the variables 
on the two yield expressions in the wider area of the 
composite design were similar.
The evaluation of the response functions of the 
biomaas yield and of the enzyme specific-yield revealed 
that while the biomass yield was affected by all the 
experimental variables, the enzyme specific-yield was most 
strongly affected by the pH.
CHAPTER 5
THE OPTIMISATION OF BATCH CYTOCHROME P 
FERMENTATION BY SACCHAROMYCES CEREVISIAE 
N.C.Y.C.754 IN A STIRRED-TANK FERMENTER 
USING CONSTANT SET-POINT CONTROL
-450
5.1 INTRODUCTION
Up to this pointf all the studies on batch cytochrome
P-450 fermentation reported in this thesis had been 
carried out in shake-flasks. Shake-flasks-scale
experiments are advantageous in that many batches can be 
run simultaneously without incurring high costs of 
equipments and materials. However, it suffers from the 
poor control of certain experimental variables two of 
the. most important of which are aeration and agitation. 
Good control of these and other variables can be achieved 
in stirred-tank fermenters, notably pH.
The effect of the aeration and/or agitation on the 
enzyme cost-yield was found to be significant in the 
initial factor analysis work (Chapter 3). However, since 
these variables are not easily controllable in 
shake-flasks, they were not included among the variables 
the effects of which were optimised in shake-flasks 
(Chapter 4). Instead, the fractional filling of the 
flasks, which represents the effects of aeration and/or 
agitation was kept constant. The investigation and 
optimisation of the effects' of aeration and/or agitation 
on the yield of the fermentation were delayed until the 
stirred-tank fermenter stage were these variables could be 
controlled more accurately.
Larger scale means increased costs. Since only one 
run can be performed at a • time in the stirred-tank 
fermenter stage, unlike shake-flasks, experimental 
variables must be chosen carefully so that only a minimum 
number is included in the investigation.
The method of factorial experiment (Cochran and Cox, 
1957) and the method of steepest ascent (Cochran and Cox, 
1957) were used as in Chapter 4 for finding the area of 
the optimum and the method of central rotatable composite 
design (Cochran and Cox, 1957) and the method of canonical 
analysis (Himmelblau, 1970) were again used to find the 
optimum values of the experimental variables and analyse 
the response surface respectively.
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«S.2 CRITERIA OF YIELD
With the main cost contributors in the medium
(except glucose) held constant at their optimum values for 
the enzyme cost—yieldr the procès was optimised for the 
enzyme volume—yield (in nmol. per litre of culture 
volume). The enzyme specific-yield (in nmol. per g.dry
weight of yeast) and biomass yield (in g.dry weight of 
yeast per litre) were also analysed and optimised from the 
same experiment so that their individual contributions to 
the enzyme volume-yield could be assessed.
5.3 THE CHOICE OF EXPERIMENTAL VARIABLES TO BE 
CONSIDERED.
Ideally all the variables that are relevant to the
yield to be optimised should be considered
simultaneously so that the main effects and interaction 
effects between all the variables can be analysed and
optimised. However, this would be immensely laborious and 
time-consuming if there are many variables and further it 
would be uneconomical especially if operating costs are 
high. Careful selection of the experimental variables is 
required at each stage of the optimisation, to limit 
investigation to those variables which can be examined 
only at that stage, together with those other variables 
with which they interact significantly.
5.3.1 IMPELLER SPEED AND AIR FLOW-RATE.
Although the dissolved oxygen tension ("D.O.T.") has 
been shown as very critical in the production of 
cytochrome P-450 by S.cerevisiae (Rogers and Stewart ; 
1973, Trinn et al; 1982) , the effect of its
interactions with other variables has never been analysed 
and optimised.
Because the critical D.O.T. is below the sensitivity 
of the most dissolved oxygen ("D.O.") electrodes, in this 
work it was decided to analyse and optimise on the 
variables impeller speed ("RPM") and air flow-rate ("A") 
instead of the variable D.O.T.. The D.O.T. was only 
monitored but* not controlled.
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5.3.2 [TEMPERATURE AND GLUCOSE INITIAL CONCENTRATION.
Earlier, in the factor analysis experiments it was 
shown (table 3.5 ) that the factorial fillings of the 
flasks, which represented the same effect as aeration and 
agitation, shared common axes or factors (i.e. factors 3 
and 5) with the variables T and G, indicating that these 
three variables have interactions which affected the 
enzyme cost-yield, since factors 3 and 5, along with the 
rest of the factors , made up the best model in this case. 
Hence the variables T and G were selected to be considered 
in the analysis and optimisation besides RPM and A.
5.3.3 pH.
Although the pH has very little interaction with the 
fractional filling of the flask in the factor analysis 
experiments, it has a major effect on the enzyme 
cost-yield; coming mainly from its effect on the enzyme 
specific-yield.
In addition, the laboratory stirred fermenter has 
facilities for automatic set-point control of pH, which is 
an improvement over the adjustment of the initial pH 
only, as was done for the experimental shake-flask in both 
the factor analysis and optimisation experiments in shake 
-flasks. The variable pH was therefore included as one of 
the variables'to be considered in the experiments at the 
laboratory stirred fermenter scale.
5.3.4 INOCULUM SIZE.
The effect of variations in inoculum size on the 
production of cytochrome P-450 by S. cerevisiae has not 
been investigated. However it has been shown, using a 
different microorganism , that different size inocula 
result in different oxygen demand profiles (Brown and 
Zainudeen, 1978 ) and different final biomass nett weight 
(Strehaiano et al, 1983). The former observation would 
suggest that the inoculum size would have interactions 
with the variables RPH and A and thus it was included in 
the anlysis-and optimisation.
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5.4 MATERIALS AND METHODS.
5.4.1 THE CHOICE OF THE YEAST STRAIN.,
Just after the completion of the optimisation in 
shake-flasks it was discovered that S.cerevisiae 
N.C.Y.C.240 consisted of a mixture of two strains ; 
N.C.Y.C.754 and N.C.Y.C.753 (Dr. B. Kirsop, in personal 
communication to Dr. D. King ; 1983). The strain
N.C.Y.C.754 was shown to be capable of giving a much 
higher yield of cytochrome P-450 than the strain 
N.C.Y.C.24 0 while the strain N.C.Y.C.753 gave a yield 
which was much lower than the other two strains 
(King,1983).
The optimum conditions for the production of 
cytochrome P-450 per unit cost by the strain N.C.Y.C.240 
were then tested on the strain N.C.Y.C.754 and the results 
(Table 5.2) showed that the strain N.C.Y.C.754 produced 
yields the mean of eight determination of which was 
comparable to the yield achieved by King (1983) , which was 
also the mean of eight determinations. King (1983) 
achieved his results by growing the yeast on a medium of 
the same composition as that used by Lim (1977) at a 
constant tempreture of 30°C. This medium composition has 
been listed in Chapter 2 (section 2.15). The 250ml. 
shake-flask were filled with 100ml. medium and shaken at 
an unspecified speed.
In the last chapter (Chapter 4, section 4.5.5.1.1) 
it was shown that the strain N.C.Y.C.240 grown at the 
optimum conditions for the enzyme cost-yield gave 
enzyme specific-yields which were close to the yields 
achieved by Lim (1977) who developed his own medium 
composition and (Table 2.5).Thus the improvement in the 
enzyme cost-yield in this case compared to the result of 
Lim (1977) was achieved through using a 34% cheaper medium 
composition giving 60% more biomass but with approximately 
the same enzyme specific-yield.
Since the strain N.C.Y.C.754 also gave similar yields 
when grown-at the conditions optimised for the cost-yield 
of the strain N.C.Y.C.240 as when grown at the conditions
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of Liirv ( 1977) and further the biomass yields in the case 
of the strain N.C.Y.C.754 grown by King (1983) on 
Lim's ( 19*77 ) medium, were also similar to the biomass yield 
achieved in this work (Table 5.2) (Dr. D.King f personal 
communication) it was concluded that the optimum conditions 
for the strain N.C.Y.C.240 holds just as well for the 
strain N.C.Y.C.754. This was actually expected since the 
optimisation in shake flask was for the enzyme cost-yield
and the optimum thus found should necessarily give
conditions which favour the high yielding strain
N.C.Y.C.754 rather than the low yielding strain
N.C.Y.C.753. The strain N.C.Y.C.754 was therefore chosen 
to replace the strain N.C.Y.C.240 since the advantages of 
a higher yielding strain were obvious.
5.4.2 THE MEASUREMENT OF THE OVERALL MASS TRANSFER 
COEFFICIENT (K ^a ) FOR OXYGEN.
There were two occasions in this work where the
measument of K^a was either carried out or implicated.
The first was in the attempt to transfer the
aeration/agitation conditions in the shake-flask to the 
stirred fermenter. The second was in the experiments to
determine the KLa values in the fermenter, before
inoculation, for a number of combinations of the
experimental variables.
In both of the above cases the experiments that
needed to be done concern the determination of the D.O.T.
curves against time for the particular conditions of the 
sample.
5.4.2.1 THE TRANSFER OF AERATION/AGITATION CONDITIONS IN 
SHAKE-FLASK TO THE STIRRED-FERMENTER STAGE.
To get the starting point values of the levels of RPM 
and A for the stirred fermenter, the aeration and 
agitation conditions in shake-flasks (at the fractional 
filling of 100ml. liquid in 250ml. flask and at the shake 
speed of 2Hz. with an amplitude of 3cm.) were approximated 
into impeller speed and air flow-rate in the laboratory 
stirred fermenter by trial and error on the basis of 
constant K^a on both scales by using an adaptation of 
the gassing-out technique of KLa determination (Banks,
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1979) 'on distilled water. An oxygen electrode (Uniprobe 
Instruments Ltd. Cardiff) and a chart recorder (Beckman
Instruments Ltd.) were used for the purpose. With the 
water bath at the correct T and shaking, the distilled 
water in the shake—flask was initially sparged with oxygen 
free nitrogen gas until the reading of the D.O.T.
registered zero. The nitrogen was then cut-off and the 
chart recorder was started at the same time. The chart 
recorder recorded the D.O.T. in the distilled water at the 
probe membrane as oxygen from the atmosphere which diffused 
through the cotton wool plug dissolved into it. When the 
dissolved oxygen reached equilibrium with the atmospheric 
oxygen, i.e. at D.O.T. equal to 158mm.Hg (calibrated as 100 
on the oxygen meter and Chart recorder) the experiment
was stopped. In this case the K^a value was not
calculated because to get the same K^a value in the 
laboratory stirred fermenter it was only needed to get the 
same D.O.T. curve.
The oxygen electrode was then transferred into the 
fermenter which was filled with distilled water and 
maintained at the correct temperature. With the impeller
speed and air flow rate control valve set at the first
guessed values (but the air compressor was not switched 
on), the nitrogen sparging was started. When the D.O.T. 
reading registered zero the nitrogen was cut-off and the 
air flow and the chart recorder were started 
simultaneously. The procedure was repeated with different 
values of impeller speed and air flow rate until, by trial 
and error, a combination of RPM and air flowrate was found 
which produced a D.O.T. curve which closely resembled the 
curve for the shake flask experiment. These values of RPM 
and A were then taken as the starting point values.
5. 4.2.2: THE CALCULATION OF KLa 
VALUES.
In the determination of the K^a values for the 
fermentation medium at different specified conditions, the 
procedure that was used to obtain the D.O.T. versus time 
curves is exactly the same as the above-mentioned. The 
data were in this case saved into the disc by the
microprocessor. The data were then fed into a computer program which 
fitted an equation onto the data with K^ a and Ka^  as the two unknowns 
using the Simplex Method of sum of squared error minimisation, where 
Ka,p is the overall oxygen transfer coefficient from bulk liquid to the 
probe membrane (Winkler,M.A. and Sadd,P«, Chemical and Process Engineering 
Undergraduate Laboratory, University of Surrey, 1984).
5.4.3 INOCULUM DEVELOPMENT-.
The inoculum was grown from slope cultures on the 
optimum conditions for the enzyme cost-yield (Chapter 4, 
table 4.41). Each 250ml. flask containing 150ml. of 
medium was inoculated direct from slope cultures using 
sterile platinum wire and incubated at the optimum 
temperature of 24.4°C in a shaking water bath for 36 
hours to achieve maximum biomass. At the end of the 36 
hours the required volume was measured using a sterile
measuring cylinder and fed into the fermenter via the
inlet port for the medium.
In later experiments where the inoculum size has been 
standardised to 7.5% (v/v) the volume was determined in
advance before sterilising the shake-flask preparations 
and upon completion of the 36 hours growth period it was 
pumped into the fermenter through the medium inlet tubing 
using a peristaltic pump with the minimum of contact with 
the atmosphere
5.4.4 THE MEDIUM AND FERMENTER PREPARATION.
For each run the medium was prepared such that
together with the inoculum the volume totalled 4-1. The
medium was prepared in two 5-1 flasks, the glucose part 
being separated from the non-glucose part and sterilised 
seperately outside the fermenter for 1 hour at 15 
p.s.i.in an autoclave (Matburn, Portsmouth).
As a sterility check a batch 
sterilised in this way and maintained in the fermenter at 
the starting point conditions with filtered air sparged at 
250 ml./min. for one week showed no visible signs of 
contamination. Earlier, Lim (1977) has reported that a 
medium of the same components but different percentage 
composition, sterilised in shake flasks in this way for 45 
minutes showed no detrimental effects of medium 
degradation on cytochrome P-45 0 formation by
S.cerevisiae N.C.Y.C.240 compared to the control flasks
which w«ere sterilised for 15 minutes.
Once cooled the medium was pumped using a peristaltic 
pump into the fermenter using a length of tubing which 
consisted of two parts joined together ; one part of which 
was sterilised with the medium and the other part of which
was sterilised with the fermenter.
After each run and before the next run the fermenter 
was emptied and cleaned by spraying with a jet of mains 
wafer and rinsing with distilled water. The fermenter, 
with all the instrumentation in place, was sterilised 
empty except for 1ml. of the antifoam PPG2000.
5.4.5 THE SAMPLING TIMES.
Samples were taken at 4 hourly intervals from the 
start except between the times 12 midnight and 8a.m. 
inclusive when only two . samples were taken, i.e. at 12 
midnight and 8a.m. but not at 4 a.m..The fermentation runs 
were started either at 8 a.m. or 12 noon so that no data 
were taken at 20 hours or 16 hours respectively. This was 
deliberate because for most runs the times 16 hours and 20 
hours were the least critical in terms of data points for 
biomass growth curve and cytochrome P-450 curve. At 16 
hours the biomass has already reached maximum growth and 
the data there would be about the same as at 20 hours or 
24 hours. The cytochrome P-450 curve tended to rise slowly 
from the start but between the times 12 hours and 24 hours 
the rise was usually quite rapid with the rate of increase 
being more or less proportional to the time, giving a 
straight line fit between the times 16 hours to 24 hours 
or 12 hours to 20 hours. Thus the absence of data between 
either of these two intervals should not have caused too 
big an error in the least square error fit of the biomass 
and cytochrome P-450 curves (Chapter 5).
5.4.6 SAMPLING METHOD AND TREATMENT OF SAMPLES
40ml. samples were taken at 4 hours, 8 hours and 12 
hours and 2 0ml. samples were taken from 16 hours onwards. 
The bigger samples in the earlier part of the fermentation
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were to ensure that there was enough biomass for the 
cytochrome P-450 assay to be carried out on.
The ' samples were taken using a heat-sterilised 
pipette through a port on the top plate of the fermenter 
and then centrifuged at 24.500 ms.”2 in pre-weighed 
tubes.
The supernatant was then decanted into a test tube 
for glucose determination while the biomass wet weight was 
determined by weighing the centrifuging tube and 
subtracting its empty weight. The yeast was then diluted 
with 0.1M phosphate buffer pH7.2 to make a suspension of
O.lg wet weight of yeast per ml., on which the cytochrome 
P-450 assay was carried out, in the same way as in 
previous chapters.
5.4.7 THE DETERMINATION OF GLUCOSE CONCENTRATION IN THE
MEDIUM.
The decanted supernatant in section 5.4.6. was then 
analysed for glucose content using a glucose diagnostic 
kit (Sigma Chemicals Co. Ltd., Poole). The procedure was 
based upon the following coupled enzymatic reaction :
i)Glucose+2H20+02 Glucose oxidas^Gluconic acid+2H202
ii)H2O2 + o-Dianisdine peroxidas^,Oxidised o-Dlanisdine
(colourless) (Brown)
The intensity of the brown colour measured at 425~475nm. 
was proportional to the glucose concentration.
5.4.8 THE DETERMINATION OF BIOMASS CONCENTRATION.
For the first few experimental runs dry weight
determinations were made by taking a separate sample at 
the same sampling times as the cytochrome P-450 assays. 
This sample was also centrifuged at 24500ms.2 for 5 
minutes and then washed with distilled water and 
re-centrifuged before resuspending it in distilled water 
and drying it in an oven for 24 hours at 100°C. A plot 
of ~ dry weight determined in this way— versus the wet 
weights as determined for the purpose of cytochrome P-450
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determinations shows a reasonably linear fit (figure 5.1) 
giving a conversion factor from dry weight to wet weight 
of 5.814’. To save time it was therefore decided to 
determine only the wet weight in later experiments. To 
avoid discrepancies in comparisons with results of other 
workers due to the use of different centrifuges and/or 
different centrifuging times all the wet weights were 
converted to dry weights for the data presentation.The 
data of final biomass yields for the half replicate 26 
factorial experiment have had the inoculum subtracted from 
them while all the biomass yield data of subequent 
experiments have not had inoculum subtracted from them. 
This was because for the half replicate 2^  factorial 
experiment the net final biomass yields were needed in the 
analysis for the effect of the inoculum size changes. 
Henceforth the inoculum size was standardised and kept 
constant. In the 23 factorial experiment and the 
subsequent composite design the biomass weights including 
the inoculum were needed in the modelling of the biomass 
growth for the purpose of working out the time-profile of 
the control variables (Chapter 6).
5.4.9 DESCRIPTION OF THE STIRRED-TANK FERMENTER.
The batch fermentations were carried out in a 5“1
fermenter (4-1 working volume). After the completion of 
the haIf-replicate 26 factorial experiments, most of 
the original control versions were converted to 
microprocessor control which greatly improved the 
accuracy, as will be explained.The fermenter consisted of 
a baffled, almost cylindrical "QVF" glass body where the 
diameter is largest at both ends but decreases towards the 
centre of the height to cause added circulation of the 
medium. The glass body is sealed with rubber seals between 
two stainless steel plates. The top plate contains the 
ports for instruments and pH additions as well as the 
connecting points of the temperature-controlled water 
tubes, the connecting point of the air tube and the drive 
shaft of the impeller. The main dimension of the fermenter 
are-as given in figurer— 5.2, figure 5.-3 gives the flow 
diagram of the complete fermenter set-up while Plates
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5 .1 ,5.2 and 5.3 show an overall view of the fermenter 
system, the fermenter vessel and the instrumentation of the 
fermenter respectively.
5.4.9.1 THE CONTROL OF GAS FLOW RATES.
Air was provided by an air compresssor running at a
constant speed and its flow-rate was measured by a 
rotameter which was calibrated at 20ml./min. intervals 
for the range 0 to 600 ml./min. The control was effected 
by a manual, valve which could be adjusted to give specific 
air flow rates by passing excess air through a'by-pass 
valve.
When used, oxygen-free nitrogen or oxygen gas was fed 
from cylinders through a rotameter and the flowrate was 
controlled normally by adjusting the valves on the 
respective cylinders. The rotameter was calibrated at
10ml./min. intervals for the range 0 to 100ml./min.
5.4.9.2 THE TEMPERATURE CONTROL SYSTEM.
The temperature was controlled by using a
"Churchill" thermocirculator. It consisted of a sealed, 
transparent, perspex cylindrical tank with a heater, a 
centrifugal pump, a temperature indicator-controller and a 
coil for cooling the circulating water. The operation 
consists of initially filling the complete system with
water then isolating to a closed loop containing the
heating tube inside the fermenter. The
temperature-controlled water was circulated continuously 
through the loop to bring the temperature of the fermenter 
to the desired set point.
The heater provides the heat to take the 
temperature-controlled water to the set-point value. Upon 
the attainment of the set point value the heater cut 
itself off. The cooling coil connected to the mains water 
was to cool the temperature-controlled water should 
conditions in the fermenter cause it to overshoot the 
set-point. The temperature-controlled water cooled to the 
set point in this way was however not enough to cool the 
fermenter when its temperature goes above the set-point, 
e.g. during the hot summer days. In view of this a
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container filled with circulating tap water was used as a 
cooling jacket for the fermenter and this worked 
effectively.
The temperature control as above was used only for 
the half-replicate 26 factorial experiment. Upon the 
installation of the Apple II microprocessor controller the 
temperature signal from the temperature -controlled water was 
logged into the microprocessor and the on/off control was 
replaced by a PID-controller which was capable of both 
constant set-point and temperatüre-time profiled control. 
In both cases the temperature control was accurate to 
within ± 0.05°C as indicated by a chart recorder, and
later the microprocessor printout both of which read from 
a thermistor inserted into a port of fermenter.
5.4.9.3. : THE pH CONTROL SYSTEM
The pH control system consisted of a combination of 
a pH electrode with a remote reservoir (Kent Industrial 
Measurements, Chertsey), an EIL pH meter/controller which 
is calibrated both in pH units and mV, and two peristaltic 
pumps for alkali and acid additions with their respective 
reservoirs. The electrolyte used was a KC1 solution 
saturated with AgCl. The electrode was inserted through a 
port on the top plate.
In the beginning the control was of the on/off type. 
The on/off control of the pH addition would switch 
automatically to "on" when one of its two preset alarm 
levels (which contained the set point in between them) was 
violated and this actuated a peristaltic pump which added 
either 4M HCT or 4M NaOH into the fermentation broth ' to 
take it back to the set point of pH. In practice the two 
alarm levels which contained the set point could not be 
set too close together since this could cause a slight 
overshoot to be detected by the other alarm level causing 
a continuous fluctuation ("hunting"), and the draining of 
the reservoirs. With 'This on/off control system the pH 
was controlled to within ±0.05 of the set point. The
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half-replicate 26 factorial experiments were carried out
with thepH controlled in this way.
Upon the installation of the "Apple II" 
microprocessor controller the mV signals from the pH meter 
was logged into the microprocessor and the control was 
effected by a PID-controller which minimised the overshoot 
of the set point in an addition of either pH control 
fluid. With PID-control the pH was controlled to within 
+0.005 of the set point. The microprocessor controller is 
also capable of both constant set-point and pH -time 
profiled control. All experiments carried out after the 
half replicate 2  ^ factorial experiments had the pH 
controlled in this way.
The pH meter/controller also incorporated a 
temperature compensation device wich can be operated 
manually. Later a temperature compensation electrode 
which monitored the temperature continuously and, with the 
temperature compensation device set on automatic 
mode, could be. used to change the temperature compensation 
automatically, was installed by inserting it through a 
side port of the fermenter.
The decreases in the volumes of the alkali and acid in 
their respective reservoirs was monitored. The reservoirs 
were made from 1000ml. measuring cylinders graduated in 
steps of 10ml.
5.4.9.4: THE IMPELLER SPEED CONTROL SYSTEM
In the original version the impeller speed control 
was achieved by subjecting the drive motor to different 
power inputs which were produced by passing the mains 
through a variable resistor with a manual control. The 
r.p.m. meter was based on the power input of the motor and 
was calibrated in 50 r.p.m. steps from 0 up to 1500. The 
experiments in the half replicate 2  ^ factorial were 
carried out with the RPM controlled in this way while all 
later experiments were carried out after the installation 
of the "Apple II" microprocessor controller.
Upon the arrival of the "Apple II" microprocessor 
controller the impeller speed was determined using a 
stroboscope with an electronic detection system and a
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digital/ output which was logged into the microprocessor. 
The control was still via the variable power input but the 
manual adjustment of the resistance level was replaced by a 
j^ glay controlled by an automatic PID—control 1er. The 
control system was capable of both constant set—point and 
RPM-time profiled control of RPM. The PID-control 
variables were chosen by "tuning" the control system 
response so that with the correct choice of PID- 
control variables the RPM could be controlled to within 
+5rpm in the range from 0 to 300 R.P.M.
5.4.9.5: THE D.O.T. ELECTRODE AND METER.
The oxygen electrode (from Uniprobe Instruments Ltd., 
Cardiff) consisted of a silver cathode and a lead anode 
encased in a 12mm. diameter glass body. The cathode was 
connected electrically to the anode by a lead-containing 
electrolyte. A gas-permeable membrane was placed over the 
cathode to separate the cathode-anode assembly from the 
fermentation medium. Diffused oxygen was reduced 
electrochemically at the cathode by the reaction,
02 + 2H20 + 4e~---- >4(OH“)..............  . . . 5-1
causing a current to flow which was proportional to the 
partial pressure of the gas mixture with which the 
dissolved oxygen would be in equilibrium. This current was 
fed ifito the oxygen meter which was calibrated from 0 to 
100, the 100 corresponding to the partial pressure of 
oxygen in the gas with which the dissolved oxygen would be 
in equilibrium. At first the meter was connected to
a chart recorder to monitor continuously the D.O.T. of the 
fermentation broth. Later this job was done by the 
microprocessor. In the digital output of the
microprocessor, readings were given to 3 significant 
figures, thus the biggest number was 100 while the smallest 
number was 0 .001.
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5.5 MATHEMATICAL METHODS
The methods of factorial experiments, linear 
approximation, thé path of steepest ascent, quadratic 
approximation and canonical analysis are all described in 
detail in chapter 4. The use of different numbers of 
variables involved minor modification in the methods as 
described in Chapter 4 all of which will mentioned in 
parallel with their applications.
5.5.1: THE STARTING POINT OF THE SEARCH FOR THE
OPTIMUM.
From the results of the optimisation in shake-flasks 
there are three different combinations of nutrient levels 
and environmental conditions all of which either have 
given or were predicted to give the optimum enzyme 
cost-yield (table 5.2).The first of these combinations
was the second centre point of the half-replicate 2^
factorial experiments, the second combination was the 
optimum of the original quadratic response surface 
(referred to as "the original optimum") and the third 
combination was the optimum of the re-evaluated quadratic 
response surface (referred to as the "re-evaluated
optimum").
The combination at the original optimum has two 
advantages over the other two combinations.
Firstly, the P in this combination is the lowest 
among the three combinations. The lower P in this
combination is made up for by the higher YE in this 
combination compared to the YE of the other two 
combinations. For the same cost, a medium with a lower P 
but a higher YE is potentially more advantageous than a 
medium with higher P but a lower YE. This is because in 
a large-scale operation the possibility exists for 
recycling the YE obtained by processing the skin tissues 
of the disrupted yeast cells after the separation of the 
cytochrome P-450 -containing microsomal fraction.
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Sfecondly, although the lower level of T of this 
combination was difficult to maintain with the existing 
equipment during hot weather, in a suitably-designed 
large-scale equipment it will mean savings on heating 
costs. The combination of the original optimum was 
therefore chosen as the basis for the starting point of 
the search for the optimum, with the following 
modifications.
5.5.1.1 THE INITIAL GLUCOSE CONCENTRATION.
The initial glucose concentration of the original 
optimum for the enzyme cost-yield in shake-flasks at 
116.30 g.per litre was not used as the starting point 
value but as the lower level (cx =-1). The centre point 
with o< =0 has the initial glucose concentration of
141.00g.per litre, so that at =+2.378 the initial
glucose concentration is 200.00g. per litre ; should the 
need to re-optimise the glucose initial concentration be 
confirmed by this experiment. The value of G at 200.00g. 
per litre has the significance that it was used by all the 
previous workers of the University of Surrey Group 
(Chapter 2, section 2.11) for growing S.cerevisiae in 
shake-flasks.
5. 5.1.2 THE pH
Table 4.41 (Chapter 4) shows that the optimum initial 
pH for the enzyme cost-yield is 5.25. In this work the pH 
at the centre point was chosen to be 5.50, so that the 
lower level was 5.20 and the upper level was 5.80.These 
levels were chosen because in preliminary tests (using 
S.cerevisiae N.C.Y.C. 240 in a 1-litre stirred-tank 
fermenter) pH 5.5 had been found to be the optimum for the 
enzyme specific-yield (Salihon,unpublished results) .
5.5.1.3 THE IMPELLER SPEED AND AIR FLOW RATE.
The aeration/agitation conditions at the shake-flask 
scale at the enzyme cost-yield optimum were approximated 
by the method explained earlier( Section 5.4.2), giving an 
impel1er speed of 200 r.p.m. and an air flow rate of
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250ml. '.per minute. These values were used as the starting 
point.
5. 5.1.4 THE INOCULUM SIZE
In view of the fact that most fermentation processes 
use ‘ an inoculum level of about 10% of the volume of the 
culture inoculated (Winkler, 1983a), a centre point of 
7 .5% (v/v) was chosen so that the effect of changing the
inoculum level from 5 % to 10% could be investigated.
5.5.2; THE HALF-REPLICATE FACTORIAL EXPERIMENT.
The half-replicate 2^  factorial experiment was used
to analyse the main and interaction effects of the
variables T,PH,G,RPM,A and INOC on the yields of the
fermentation in the laboratory stirred fermenter and to 
provide the path of steepest ascent in the search for 
the area of the optimum. The levels of the variables used 
in this experiment are given in table 5.3.
Table 5.4 gives the experimental plan and the results 
of the experiments in the three yield expressions as 
mentioned in section 5.2. Table 5.5 gives the statistical 
quantities of the replicated centre point.
The results of the experiment were analysed for the
main and interaction effects by Yate's method (Yate, 1937) 
and the results of the analysis for the three yield
expressions are given in tables 5.6 through to 5.8. The 
F-values that were used in this analysis come from the 
table 4.62 in Chapter 4.
The data were then fitted with a linear equation using 
the method of least square error as before (Chapter 4, 
section 4.4.1.3.4) and the solutions for the coefficients 
of the linear equation for each of the three yield
expressions are given in table 5.11. Tables 5.12 through 
to 5.14 give the statistical quantities of the linear 
approximation for each of the three yield expressions.
Although the linear expressions for the data of the 
enzyme volume-yield gave a poor fit, the mean-square
errors being significant at 95% confidence level (Table
4.12), the coefficients of the main effects of the
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variables RPM and A were very large (Table 5.11).It was therefore
necessary to resort to the method of steepest ascent 
in order to find the area of the optimum..
5.5.3: THE PATH OF STEEPEST ASCENT BASED ON THE
HALF-REPLICATE 26 FACTORIAL EXPERIMENT.
The path of steepest ascent for the enzyme volume 
yield was found as before (Chapter 4, section 4.4.2.1) and 
the results of the experiments using the 
condition at J=1, J=2 and J=3 are given in Table 5.15.
5.5.4: THE 22 FACTORIAL EXPERIMENT.
The result of the steepest ascent experiment using the
new batch of mycological peptone (Table 5.15) was
inconclusive and the variables RPM and A have been shown
to have the biggest coefficients of the main effects in
the linear equation for the enzyme volume-yield (Table
5.12). A 2 2 factorial experiment ( Cochran and Cox,
1957) on the variables RPM and A was therefore used to
find a new path of steepest ascent. The centre point was
chosen to be based on the point J=1 in the previous path
of steepest ascent, since at J=1 the actual yield was
already significantly different from the predicted yield.
The variables T, PH and G were kept constant at this
centre point value and only RPM and A were varied. Since
inoculum size was not significant in its effect within the
range 5% to 10% (v/v), the inoculum size was henceforth
standardised to 7.5% (v/v), which was convenient because
for a 4 litre batch it could be supplied by two 150ml
shake-flasks cultures. The levels of RPM and A in the 2%
factorial experiment are shown in Table 5.16. Table 5.17
2
gives the plan of the 2 factorial experiment as well as 
the result of the analysis by Yate's method (Yate, 1937). 
The operation of Yate's method to calculate the main and 
interaction effects of the variables in the 2 ^  factorial 
experiment was similar to the case of 5 variables (Chapter 
4, section 4.4.1.3.3) except that it was stopped at column
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2 1 where column 2 served as the "yield totals" (Table
5.17) .
The- centre-point of the 2 2 factorial experiment was 
not replicated. The error was therefore estimated by 
means of the higher order interactions (Davies, 1956), in
this case the only interaction being RPM-A.
The coefficients of the linear approximate equation 
were calculated by the least square error method (Chapter 
4, section 4.4.1.3.4) and the solutions are given in Table 
5.20. The linear fit was found to be satisfactory, the 
errors not being significant at 75 % confidence level 
(Table 5.21). Since the coefficient of the main effect 
of RPM was large (table 5.20) and further the main effect 
of RPM was significant at 75% confidence level (Table
5.17), the path of steepest ascent was again resorted to 
in order to find the area of the optimum.
,5*5'5 . : thepath of steepest ascent based ON THE 22
FACTORIAL EXPERIMENT.
The path of steepest ascent for the enzyme 
volume-yield was found as before ( Chapter 4, section
4.4.2 ) and the results of the experiments using the
conditions at J=4, J=6 and J=8 are as shown in Table 4.22.
At J=6 the actual yield was significantly greater 
at 99% confidence level) than the predicted yield. The 
combination of the levels of variables at this point was 
thus taken as the new centre-point for the next factorial 
experiment.
5.5.6: THE HALF-REPLICATE 2^ FACTORIAL EXPERIMENT
In the analysis for the main effects and interaction 
effects of the variables on the enzyme volume-yield by 
Yates method the results of the half-replicate 2^  
factorial experiment (Table 5.6) show that although the 
main effect of T was only fairly important, being 
significant only at 75% confidence level, the effect of 
its interaction with RPM was very important, being 
significant at 99% confidence level.
The same . -was— true for PH. Its main-effect on the
enzyme volume-yield was not significant even at the
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relatively low confidence level of 75%, but the effect of 
its interaction with RPM was important, being significant 
at 95 % confidence level.
Since the new centre-point obtained by the steepest 
ascent method based on 22 factorial experiment has very 
different values of RPM and A compared to
that of the previous centre-point,the optimum values 
of T and PH might have changed on account of their 
interactions with RPM. For this reason the variables T 
and PH were included in the next factorial experiment, 
making it a half-replicate 2* factorial. The levels of 
the variables used in this factorial experiment are given 
in Table 5.23.
Table 5.24 gives the plan and experimental results of 
the half-replicate 2^  factorial experiment. These 
results were submitted to analysis by Yate’s method (Yate, 
1937) and the results of the analysis are given in Table 
5.25. The half-replicate 2^  factorial experiment was 
based on a full 22 factorial experiment (Cochran and 
Cox, 1957), as has been used by Moresi et,a*. (1980). As 
such the analysis of the main effects and interactions was 
also based on the analysis for the full 22 factorial, in 
a similar way to the analysis of the half-replicate 2  ^
factorial being based on the analysis of the full 2** 
factorial ( Chapter 4, section 4.4.1.3.3 ). The
operation of Yate’s method was stopped at column 3. For 
the half-replicate 2  ^ factorial, the me.in effects of 
T,PH and RPM remain the same as in the analysis for the 
full 22 factorial since their aliases, i.e. the 
interaction PH-RPM-A, T-RPM-A and T-PH-A respectively 
should have much smaller values than them for reasons 
stated earlier (Chapter 4, section 4.4.1.3 ). The
main effect of A in the half-replicate 24 factorial was 
taken from the interactions T-PH-RPM in the full 23 
factorial which then became its alias. The 
interaction/alias pairs T-PH/RPM-A,T-RPM/PH-A and 
PH-RPM/T-A were indistinguishable in their effects.
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In*' this half-replicate 24 factorial experiment the 
centre point was not replicated and consequently the 
experimental error had to be estimated by means of the 
higher order interactions (Davies,1956). The F-test showed 
that the main effect of pH was very important,being 
significant at 97.5% confidence level (Table 5.25). The 
coefficient of the main effect of pH in the linear 
equation for the enzyme volume-yield (Table 5.26.2) was 
also larger than each of the coefficients of the main 
effects of all the other variables by between 3 and 9 
times. Thus while the linear equation fits the data 
adequately (Table 5.27) compared to the error as estimated 
by means of the higher order interactions (Table 5.25), 
the gradient of the surface with the respect to pH was 
steep; requiring another steepest ascent search for the 
area of the optimum.
5.5.7 THE PATH OF STEEPEST ASCENT BASED ON THE 
HALF-REPLICATE 2 ^ FACTORIAL EXPERIMENT.
The path of the steepest ascent for the enzyme 
volume-yield was found as before (Chapter 4, section 
4.4.2.1).The combinations of the variables at J=1 and J=2 
were tested experimentally and the results are given in
table 5.28. It shows that at J=1 the difference between 
the actual yield and the predicted yield was not
significant at 75% confidence level but at J=2 the 
actual yield was much lower than both the predicted yield 
at J=2 and the predicted and actual yields at J=1. The 
combinations of variables at J=1 rather than at J=2 was 
thus chosen to be the new centre point.
The main effect of A in the half-replicate 24 
factorial (table 5.25) was very small and not significant 
at 75% confidence level. In addition, on the path of
steepest ascent the level of A . did not change by an
amount which was larger than the equipment error (±10.0 
ml/min on the rotameter) when J was changed from 0 to 1. 
It was therefore decided to keep A constant in later
experiments. The next factorial was thus reduced to three 
variables and was investigated using a 23 factorial
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experiment (Cochran and Cox, 1957).
5.5.8 THE 23 FACTORIAL EXPERIMENT^
The ' levels of the variables T,pH and RPM that were 
used in the 23 factorial experiment are given in table 
5.29 and the plan as well as the results of the experiment 
are given in table 5.30. These results were analysed by 
Yates method as before (section 5.5.6) and the results of 
the analysis for each of the three yield expressions are
given in tables 5.31 to 5.33.
The coefficients of the linear equation were then 
calculated in the same way as with previous factorial 
experiments (Chapter 4,section 4.4.1.3.4).Table 5.35 gives 
the values of the coefficients for the linear equation of 
the enzyme volume-yield while table 5.36 gives the 
predictions of the linear equation. The error in the 
prediction of the linear equation was not significant at 
75% confidence level compared to the experimental error as 
estimated by means of the higher order interactions (Table 
5.31). since all the coefficients of the main effects of 
the variables in the linear equation were small 
(compared to the corresponding coefficients of the linear 
equation for the half-replicate 24 factorial (table
5.26)) indicating a flat surface containing the optimum, 
the experiment was complemented with the extra points to 
make the composite design (table 5.40.) .
The coefficients of the linear equations for the 
enzyme specific-yield and the biomass yield were also 
calculated and the predictions of these equations
evaluated (Tables 5.37 and 5.38).
The centre—point was replicated six times in 
accordance with the design of Cochran and Cox (1957) and 
the results are shown in table 5.39. The levels of the 
variables at the extra points which were needed to make the
composite design are given in table 5.41.
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5.5.9 TOE COMPOSITE DESIGN BASED ON THE 2^  FACTORIAL EXPERIMENT.
« . . . . . . .
5.5.9.1 Statistical Analysis Of The Quadratic Response Function
The • experimental results from the composite
design experiment were analysed for the sums of products 
(Chapter 4, section 4.4.5) by multiplying the three 
column matrices of yields (one for each yield expression) 
each in turn with the column of the X-matrix (table 5.43) 
and adding up the product for each column of the X-matrix. 
The regression coefficients of the quadratic
approximation of the response surface were then calculated 
for each of the three yield expressions by using the 
formulae in table 5.42 (from Cochran and Cox, 1957) on 
the sums of products of the respective yield expressions.
The calculated regression coefficients and the sums
of products for each of the three yield expressions are 
given in tables 5.44 to 5.46.
The quadratic equations were then used to predict 
the yields of the experiments and the results are given in 
tables 5.47to 5.49.
Finally the variances of each of the three quadratic 
equations describing the response surfaces of the three 
yield expressions were analysed using the formulae of 
table 4.36 of Chapter 4 (adapted from Cochran and 
Cox,1957) and the results are given in tables 5.50 to 
5.52.
5.5.9.2 The Evaluation Of The Canonical Form Of The 
Quadratic Response Function.
The canonical form of each of the three quadratic 
equations was evaluated in exactly the same way as the case 
of the six variables in chapter 4 (section 4.4.6) except 
that there were three variables instead of six.
5.5.9.2.1 The Point Of Optimum Yield.
The coordinates of the optimum point for each of the 
three yield expressions are given in tables 5.53 to 5.55. 
Since the predicted optimum for the enzyme volume-yield 
and for the enzyme specific-yield were each within 1 .2% of 
the respective mean yield at the centre-point, these
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optimum points were not tested experimentally.
The predicted biomass optimum was smaller than the 
mean yield at the centre-point showing that the 
optimisation for the biomass yield has failed. Hence 
this point was also not tested experimental1y.
5.5.9.2.2 The Analysis Of Models.
The eigen values of the symmetric matrix of the 
coefficients of the quadratic equation become the 
coefficients of the canonical form while the eigen vectors 
associated with these eigen values become the parameters
of the principal axes of the canonical form (Chapter 4,
section 4.4.6) . The values of these coefficients and
parameters for each of the three yield expressions are 
given in tables 5.56.1 to 5.58.2. Models consisting of 
different numbers and combinations of the principal axes 
were then evaluated. Tables 5.59 to 5.61 give the 
statistical analyses of these models for each of the three 
yield expressions. Table 5.62 gives the predictions of 
the full canonical forms for the enzyme volume-yield and 
enzyme specific-yield and of the best model for the 
biomass yield. These predictions were plotted against
their actual values in figures 5.4 to 5.6.
5.6 RESULTS AND DISCUSSION.
5.6.1 THE RESULT OF THE HALF-REPLICATE 2^  FACTORIAL 
EXPERIMENT.
The results of the analyses of main effects and 
interaction effects of the Variables on the enzyme 
volume-yield, enzyme specific-yield and biomass yield 
using Yate’s method (Yate, 1937 ) are given in tables 5.6 to 
5.8. \
5.6.1.1 The Main Effects Of RPM and A
The results show that the main effects of RPM and A 
on the enzyme volume-yield were very important, each being 
significant at 99% confidence level (table 5.6). The
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significant of the main effect of A was mainly due to its 
effect of decreasing the final, biomass yield as A was 
increased (table 5 .8 ), while the significance of the main 
effect of RPM was mainly due to its effect of decreasing 
the enzyme specific-yield as RPM was increased (table
5.7).
Increasing the RPM from the lower level to the upper 
level caused the biomass yield to increase (table 5.8), 
probably via increasing the homogeneity of the medium thus 
causing nutrients to be more readily accessible to the 
yeast cells (King et al. 1984). As mentioned above,
increasing the RPM from the lower level to the upper level 
also caused a big decrease in the enzyme specific yield 
(table 5.7), probably via the increased dissolved oxygen 
availability (Rogers and Stewart, 1973; Trinn et al.
1982). The nett result of these two effects was a
significant decrease of the enzyme volume-yield caused by 
increased RPM (table 5.8).
The opposing effects of RPM on the biomass yield and 
on the enzyme specific-yield as above justifies the use of 
the enzyme volume-yield as the optimisation criterion. It 
also means that the attainment of both the maximum biomass 
yield and the maximum enzyme specific-yield in a batch 
fermentation cannot be achieved by constant set-point 
control and the maximum enzyme volume-yield thus achieved 
would represent a compromise between the two cases.
The decrease of the enzyme specific-yield caused by 
increased RPM and/or increased A (table. 5.7) was expected, 
but the decrease of the biomass yield caused by increased 
A was not. The presence of more dissolved oxygen in the 
medium should either increase the final biomass yield by
causing the yeast to follow the Pasteur effect (Fiechter
et al. 1981) or keep the final biomass yield constant 
letting the yeast keep to the glycolytic pathway (and
produce ethanol) as long as the minimum glucose
requirement was available (Fiechter et al. 1981).
5«6.1.2 The Main Effect Of T
The main effect of T on the enzyme volume yield was only fairly 
important, being significant only at confidence level.
However, the main effect of T on the biomass
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yield ‘was very important, being significant at 99%
confidence level (table 5.8).
Increasing T from 23°C to 27°C has the main 
effect of increasing the biomass yield (table 5.8). This 
seemed to be the opposite to the case of S.cerevisiae 
N.C.Y.C.240 in shake flasks where increasing T from 25°C 
to 28°C has the main effect of decreasing the biomass 
yield (chapter 4, table 4.19). For these two results to be 
consistent the final biomass yield of S.cerevisiae 
N.C.Y.C.754 would have to increase between 23°C and 
25°C by so much such that when this increase is 
subtracted by the decrease between 25^C and 27 C, the 
nett result would still be an increase of biomass yield 
between 23°C and 27°C. Conversely, the final biomass 
yield of S.cerevisiae N.C.Y.C.240 has to decrease 
between 27°C and 28°C by so much so that when this 
decrease was subtracted from the increase between 25°C 
and 27°C, the nett result would still be a decrease.
If the responses of S.cerevisiae N.C.Y.C.754 and 
S.cerevisiae N.C.Y.C.240 to changes in T were actually 
exactly the same, then the second hypothesis looks the 
more likely, since the optimum biomass yield of 
S.cerevisiae N.C.Y.C.240 occurs at 26.54°C (chapter 4, 
table 4.45).
5.6.1.3 The Main Effects And Interaction. Effects Of pH, 
G And INOC.
The main effects of pH, G and INOC on the enzyme 
volume-yield were all not important in the vicinity of the 
half-replicate 26 factorial experiment, each not being 
significant at 75% confidence level (table 5.6).
Among the interactions between these three variables 
only the interactions pH-G and pH-INOC were of any 
importance, the effect of each of these on the enzyme 
volume-yield being significant at 75% or higher confidence 
levels. The anticipated effects of the interactions 
between INOC and A and/or RPM on the enzyme volume-yield 
were each not important, not being significant at 75% 
confidence level (table 5.6). However, the effects of the
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interactions T-INOC, pH-RPM and pH-G were important, each 
being significant at 97.5%, 95% and 75% confidence levels 
respectively.
The insignificance of the main effect of pH, G and 
INOC and the significance of their interactions would 
point to the possibility that the centre point values of 
these three variables were each near the overall optimum. 
Near the optimum value of a variable the gradient of the 
response surface with respect to that variable might not 
increase or decrease by very much and this would be 
reflected in the insignificant main effects of the three 
variables mentioned above. An alternative explanation is 
that the levels of the variables were too close together 
for their effects to be significant.
5.6.1.4 The Linear Equation Of The Response Surface.
The linear equation for the enzyme volume-yield gave 
a poor fit, the errors being significant at 95% confidence 
level (table 5.12). This suggests that the response 
surface might be curved. Although it was curved, it was 
also steep, as indicated by the very large coefficients of 
the main effects of RPM and A (table 5.11). This suggests 
that the area covered by the experiment might not contain 
the optimum and a search for the area containing the 
optimum was required.
5.6.2 THE RESULT OF THE PATH OF STEEPEST ASCENT SEARCH 
BASED ON THE HALF-REPLICATE 2_____FACTORIAL EXPERIMENT.
At this juncture the non-uniformity or variation in 
the complex medium which hitherto have been assumed not to 
have any significant effect on the yields of the 
fermentations have been shown to be otherwise. Two 
different batches of mycological peptone from the same 
supplier (LABM, Manchester) have been shown to give widely 
differing yields under otherwise exactly the same set 
of conditions (table 5.15). This has the implication that 
the optimum combination of variables determined for a 
yeast strain may only be valid if the components of the 
medium are of the same batch numbers as those used in the
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original experiments which determined the optimum 
combination. Apart from this, any conclusions could only 
apply generally. This subject will be touched again in 
chapter 7 under "Final Discussions".
The two runs along the path of steepest ascent, at 
J=2 and J=3, using the old batch of mycological peptone 
gave yields which were very high in comparison with all 
the yields achieved previously either in this work or by 
other workers but which were not realised again in the 
whole of this work. Using the new batch of mycological 
peptone the two runs at 3-2 and J=3 gave very much lower 
yields than the runs at the same conditions using the old 
batch of mycological peptone. The result of this steepest 
ascent search was therefore inconclusive and the point J=1 
was taken as the new centre point since at this point the 
yield of the run using the new batch of mycological 
peptone was already very different from the predicted 
yield.
To save time, only two variables with the largest 
coefficients of the main effects in the linear equation 
for the enzyme volume-yield, namely RPM and A, were 
examined in the search for the area containing the optimum 
using a 2^  factorial experiment and to be followed by 
the path of steepest ascent method. The rest of the 
variables were maintained at their values at the new 
centre-point except for INOC which was standardised and 
kept at 7.5% (v/v).
5.6.3 THE RESULT OF THE 2 2 FACTORIAL EXPERIMENT.
The result of the 2^ factorial experiment shows 
that increasing the RPM from the lower level to the upper 
level caused an increase in the enzyme volume-yield while 
increasing A from the lower level to the upper level
served to decrease this yield. This was quite.different 
from the main effects of the two variables in the previous 
half-replicate 2^  factorial experiment where increasing 
each of these variables caused a decrease in the yield. If 
S.cerevisiae N.C.Y.C.754 did behave in exactly the same 
way in the medium with the new batch of peptone as it did
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in the medium with the old batch of peptone, then this 
difference could only be explained in terms of the 
different levels of the variables of A and RPM used in 
these two cases. Since S.cerevisiae N.C.Y.C.754 did not 
behave in the same way in the two cases of different 
batches of peptone as was shown by the runs on the path of 
steepest ascent, the differences in the main effect of RPM 
in the 2^  factorial experiment from its main effect in 
the half-replicate 26 factorial experiment might have 
been due to either one or both of these factors.
5.6.3.1 The Linear Equation Of The Response Surface.
The linear equation for this experiment gave a good 
fit. The errors incurred were not significant at 75% 
confidence level (table 5.25), showing that the surface 
was not curved.
The main , effect of RPM was- significant at 75 %
confidence level, showing that it was fairly important. 
Together with the high value of the coefficient of the 
main effect of RPM, this shows that the surface was steep 
with respect to this variable and not flat. It was 
therefore necessary 
to resort to the method of steepest ascent to find the 
area containing the optimum.
5.6.4 THE RESULT OF THE PATH OF STEEPEST ASCENT SEARCH 
BASED ON THE 26 FACTORIAL EXPERIMENT.
The results of the experimental runs at J=4, J=6 and 
J=8 are given in table 5.22. At J=4 the error in the 
prediction of the steepest ascent equation was not 
significant at 75% confidence level, but at J=6 the error 
in the prediction of the steepest ascent equation was 
significant at 95% confidence level. At J=6, the actual 
value of the yield was significantly higher than the value 
predicted by the steepest ascent equation, thus indicating 
that the response surface might be bell-shaped (chapter 4, 
section 4.5.2.1), at least with respect to RPM and A. That 
this was so was further indicated by the fact that at 
J=8 the actual yield was significantly lower than the
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predicted yield at 75% confidence level. It was worthy of 
note that with differences in RPM and A of only 13.4% 
(34r.p.m.from 253 r.p.m) and 13.8% (21ml./min.from
152ml./min.) respectively between J=4 and J=6, such a 
great difference in yield (i.e. 465.77nmol. per litre) was 
experienced. This was an example of the accuracy that was
needed in this work.
The combination at 3—6, which was the first among
the combinations tested to give a yield which was 
significantly different from the prediction of the 
steepest ascent equation, was taken as the new
centre-point.
4
5.6.5 THE RESULT OF THE HALF-REPLICATE 2 FACTORIAL,
EXPERIMENT.
The result of the analysis by Yate's method (Yate,
1937) shows that in this half-replicate 2^  factorial
experiment the main effect of pH was very important, being 
significant at 97.5% confidence level. The main effect of 
RPM was also important, being significant at 75%
confidence level. The main effects of T and A were not 
important, each being not significant at 75% confidence 
level. Among the interactions, only T-pH or RPM-A have 
some importance, the effects being significant at 75% 
confidence level (table 5.25).
5.6.5.1 The Linear Equation Of The Response Surface.
As have been mentioned in section 5.5.6, the
coefficient of the main effect of pH in the approximate 
linear equation (table 5.26) was much larger than the
coefficients of the main effects of each of the other
variables, showing that the response surface was steep 
with respect to the variable pH and implying that the
optimum might not be contained in the area of the
half-replicate 24 factorial experiment. This was further 
supported by the good fit achieved by the linear equation, 
the mean square error in the prediction of the linear 
equation not being significant at 75% confidence level. 
This suggests that the response surface was uncurved as
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might be the case when it does not contain the optimum. 
Thus the method of steepest ascent has to be resorted to 
again to find the area of the optimum.
5.6.5.2 Trends In The Main Effects Of The Variables.
In this factorial experiment increasing each of the 
variables T, pH and RPM from the lower level to the upper 
level has the main effect of lowering the enzyme 
volume-yield. Considering that in the previous 2
factorial experiment, increasing RPM from 140 r.p.m to 180 
r.p.m caused the yield to increase while in this 
half-replicate 24 factorial experiment increasing the 
RPM from 230 r.p.m to 280 r.p.m caused the yield to 
decrease, the optimum RPM should have already been covered 
by these experiments.
In this factorial experiment increasing the A from 
120ml./min. to 180ml./min. has the main effect of
increasing the enzyme volume-yield while in the previous 
2^  factorial experiment increasing the A from 
190ml./min. to 230ml./min. has the main effect of
decreasing the yield. Hence the optimum value of A would 
also have been covered by the experiments.
5.6.6 THE RESULT OF THE PATH .OF STEEPEST ASCENT SEARCH 
BASED ON'THE HALF-REPLICATE 2^ FACTORIAL EXPERIMENT.
The results of the experiments using the conditions 
at J=1 and 3-2 along the path of steepest ascent based on 
the half-replicate 24 factorial experiments are shown in 
table 5.28. For reasons which have been explained
previously (section 5.5.7) the combination of conditions 
at point 3=1 was taken as the centre point of the next
factorial experiment, which was a 2^  factorial
experiment involving the variables T, pH and RPM.
At the centre point of the half-replicate 24
factorial, the unreplicated yield of cytochrome P-450 was
1100.25nmol. per litre (table 5.22). The path of steepest 
ascent should have resulted in a higher yield but as 3=1 
along this path* the yield was only 1030.35nmol. per litre. 
However, the replication of the experiment at 3=1 was
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later to show that although the mean yield was near to the 
1030.35nn)ol. per litre obtained in this steepest ascent 
experiment, the deviations in fact extended to a high of 
1178.82nmol. per litre and a low of 903.02nmol. per litre. 
Thus the yield at the centre point of the half-replicate 
24 factorial was in fact within the error boundary of 
the yield at J=1 and for the purpose of comparison they
can be regarded as being similar. This implied that the
path of steepest ascent from J=0 to J=1 was almost flat,
i.e. a plateau, and this implied that the optimum might be
contained in the area. After the relatively flat profile 
of the response surface between the centre point of the 
half-replicate 24 factorial and the point J=1 on the 
path of steepest ascent, the response surface suddenly
dropped sharply and at J=2 the value of the yield was only 
about 65% of the value at J=1. ,
3
5.6.7 THE RESULT OF THE 2J FACTORIAL EXPERIMENT.
5.6.7.1 The Enzyme Volume-Yield.
As mentioned in section 5.5.8 the result of the 2^  
factorial experiment (table 5.31, 5.35 and 5.36) satisfied 
the criterion of the area containing the optimum. The 
experiment was thus complemented with the extra points 
which were necessary to make the composite design.
5.6.7.1.1 The Main Effect Of T And RPM.
Compared with the behaviour of the response surface
of thé half-replicate 24 factorial experiment (table
5.25), the same increment size of T in the 2^  factorial 
experiment caused a smaller main affect on the yield in 
nmol, per litre. The sign of this main effect was also the 
opposite to the sign of the main effect of T in the 
half-replicate 24 factorial, showing that the optimum 
value of T would have been covered by the experiments.
A similar analysis to the above could be made for the 
variable RPM.
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5.6.7.1.2* The Main Effect Of tH
On the response surface for the half-replicate 24 
factorial, increasing the pH from 5.0 to 6.0 caused a big 
drop in yield as indicated by the large negative main 
effect of pH (table 5.25). Increasing the pH from 4.74 to 
5.34 in the 2^  factorial still caused a drop in the 
yield, but in this case, the main effect of pH was only 
about 25% of that in the half-replicate 24 factorial 
(table 5.31). Since the increment size that was use for 
pH in the 2^  factorial experiment was 60% of that used 
in the half-replicate 24 factorial, the above behaviour 
represented a levelling off of the yield with respect to 
the variable pH; a sign that the optimum might be in the 
area.
5.6.7.2 The Enzyme Specific-Yield.
Table 5.32 shows that the main effect of T on the 
enzyme specific-yield was quite important, being 
significant at 95% confidence level. The main effects of 
RPM and pH were relatively less important, each not being 
significant at 75% confidence level.
The effect of the interaction T-RPM was also 
important, being significant at 75% confidence level. All 
the other interaction effects were not significant at 75% 
confidence level.
5.6.7.3 The Biomass Yield.
Table 5.33 for the biomass yield shows that the main 
effects of pH and RPM were each quite important, being 
significant at 95% and 90% confidence levels respectively. 
The main effect of T was relatively less important, not 
being significant at 75% confidence level.
The effect of the interaction T-pH was significant
at 90% confidence level. The effects of all the other
interactions were not significant at 75% confidence level.
5.6.7.4 The Relationship Between The Response Surfaces 
Of The Three Yield Expressions.
The evidence above indicated that in the area of the
2* factorial experiment the enzyme specif ic-yield was
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influenced mainly by T while the biomass yield was
influenced mainly by pH and RPM. The effect of T on the 
enzyme specific—yield was however not reflected in the 
enzyme volume yield (table 5.31) while the effects of pH 
and RPM on the biomass yield were both felt by the enzyme 
volume—yield. Thus in the locality of the 2 factorial 
experiment, the enzyme volume-yield was affected by the 
experimental variables mainly via their effects on the 
biomass yield. This might be because in the locality of 
the 23 factorial experiments the response surface of the 
biomass yield was steep while that of the enzyme 
specific-yieId was less so. These hypotheses were 
supported by the performance of their respective linear 
approximation equations. The linear equation for the 
enzyme specific-yield gave a poor fit and incurred errors 
which were significant at 75% confidence level (table 
5.37). This suggests that the surface was curved, 
indicating that it might contain the optimum. The linear 
equation of the biomass yield fitted the data 
satisfactorily, the mean square error not being 
significant at 75% confidence level. This indicates that 
the surface was uncurved. The significance of the main 
effects of pH and RPM meant that this uncurved surface was 
also steep, indicating that the biomass optimum might not 
be in the area. These two hypotheses were later confirmed 
by the determination of the optimum points of the enzyme 
volume-yield, enzyme specific-yield and the biomass yield 
(tables 5.53 to 5.55). Thus the optimum point of the 
cytochrome P-450 volume-yield did not coincide with the 
optimum point of the biomass yield. Instead, the 
optimum of the cytochrome P-450 volume-yield lay on a 
slope of the response surface of the biomass yield.
5.6.8 THE RESULT OF THE COMPOSITE DESIGN EXPERIMENT.
5.6 .8.1 Statistical Analysis Of The Quadratic Response 
Function.
The results of the statistical analyses on the 
quadratic response functions of the three yield
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expressions are given in tables 5.50 to 5.52.
5.6 .8 .1.1 The Enzyme Volume-Yield.
The quadratic response function for the enzyme 
volume-yield did not perform too badly. It incurred a mean 
square error which was significant at 90% confidence 
level. The mean square value of the second order terms was 
significant at 95% confidence level while the mean square 
value for the linear terms was not significant even at 75% 
confidence level. This suggests that the response surface 
consisted mainly of curved parts with less of the linear 
parts.
5.6 .8 .1.2 The Enzyme Specific-Yield.
The quadratic response function of the enzyme 
specific-yield fitted the data quite well, with the mean 
square error being significant only at the low confidence 
level of 75%. The mean square value of the second-order 
terms was significant at 97.5% confidence level while the 
mean square value of the first-order terms was not 
significant even at the low confidence level of 75%. 
Therefore, the response surface contains more of curved 
parts and less of linear parts.
5.6.8.1.3 The Biomass Yield.
In contrast to the above, the quadratic response 
function of the biomass yield gave a very poor fit. It 
incurred a mean square error which was significant at 99% 
confidence level. The mean square value of the 
second-order terms was significant at 97.5% confidence 
level while the mean square value of the first-order terms 
was significant at 99% confidence level, showing that the 
response surface has more linear parts than curved parts.
The quadratic response function for the biomass 
yield thus fared the worst, and the reason was that it did 
not contain the optimum (table 5.55).
This is to be expected because the enzyme 
volume-yield (whose * quadratic response function fared 
worse than that of the enzyme specific-yield) Was the
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product'of the enzyme specific-yield and biomass yield.
5.6 .8 .2 The Result Of The Evaluation Of The Canonical 
Form Of The Quadratic Equation.
5.6 .8 .2.1 The Points Of Optimum Yields.
As mentioned in section 5.5.9.2.1 the combinations of 
the theoretical optimum points for the three yield 
expressions were not tested experimentally. The 
theoretical optimum for the enzyme volume-yield and enzyme 
specific-yield were each within 1 .2% of the mean yield at 
the centre pointy for the respective yield expression and 
were well within the limits of experimental error. The 
optimisation for the biomass yield based on the 2 
factorial experiment failed to give a theoretical yield 
optimum which was larger than the mean yield at the centre 
point.
The mean of the enzyme volume-yield at the centre 
point of the 2^ factorial experiment at 1030.82nmol. per 
litre represents an improvement of 73% over the yield 
obtained in shake-flask by King (1983). At this centre 
point the mean enzyme specific-yield was 125.97nmol. per 
g .dry yeast, which represents an improvement of 154.90% 
over the yield obtained in shake-flask by King (1983).
The peak enzyme volume-yield at the centre point was 
reached after an average of 34+2 hours fermentation, which 
was an improvement over the 40 hours or more that is 
usually required in shake-flask cultures (King, 1983).
5.6 .8 .2.2 The Result Of The Evaluation Of Models.
Models consisting of different numbers of principal 
axes and of different combinations of principal axes were 
evaluated for the three yield expressions and the results 
are given in tables 5.59 to 5.61. The best model for each 
yield expression was chosen in accordance with the 
criterion in chapter 4 (section 4.4.6).
All the models for the response surface of the enzyme 
volume-yield incurred errors which were significant at 75% 
or higher confidence levels. The best model was the full
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canonical equation, since it incurred the smallest errors 
between them. All of the variables T, pH and RPM were 
therefore important in describing the response surface for 
the enzyme volume-yield. A plot of the actual yields 
versus the predictions of the full canonical equation 
shows that 75% of the data fall within the 15% deviation 
band (fig. 5.4). The model with only axis 3 and a constant 
incurred errors which were not significant at 90% 
confidence level. The axes 1 and 2 which were left out 
consisted mainly of contribution from T and pH 
respectively while axis 3 consists mainly of contributions 
from RPM (table 5.56.2)
The full canonical equation of the response surface 
for the enzyme specific-yield did not incur errors which 
were significant at 75% confidence level. Since all the 
other models incurred errors which were significant at 
least at 75% confidence level, the full canonical equation 
was chosen as the best model. Thus all the variables T, pH 
and RPM were important in describing the response surface 
for the yield of cytochrome P-450 specific-yield. A plot 
of the actual yields versus the predictions of the full 
canonical equation shows that 90% of the data lie within 
the 15% deviation band (fig. 5.5). Among the other models, 
the model with only axes 2 and 3 and a constant incurred 
the smallest error. Axes 2 and 3 consisted mainly of 
contributions from the variables pH and RPM respectively 
while the excluded axis 1 consisted mainly of 
contributions from T (table 5.57.2). The relatively small 
importance of T in this case compared to its importance in 
describing the response surface of the 2  ^ factorial 
experiment meant that the effect of T at the extra points 
making up the composite design (i.e. at oC =±.1 *682) was 
less than the effect of T at the factorial points (i.e. at 
OC=± 1.0). Such a response to T was dissimilar to what has 
been described by Lim (1977) of the response of 
S.cerevisiae N.C.Y.C.240 to changes in T where the 
enzyme specific-yield dropped sharply on either side of 
the optimum.
All the models for the response surface of the
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biomass*' yield incurred errors which were significant at
99% confidence level, thus indicating the failure of the
optimisation for the biomass yield, which was due 
primarily to the response surface not containing the 
optimum point (table 5.55). The evaluation of the
canonical form for the biomass yield was therefore not
very helpful in assigning the effects of the experimental 
variables oh the enzyme volume-yield to their separate 
effects on the enzyme specific-yield and on the biomass 
yield.
The result of this evaluation of models shows that the 
optimisation was more concerned with the enzyme yield and 
the biomass itself was relatively unimportant except as an 
enzyme vehicle.
5.6.9 FURTHER WORK ON THE EFFECT OF OXYGEN.
5.6 .9.1 The Separation Of The Homogeneity Effect And The
Dissolved Oxygen Availablity Effect In Aeration 
And Agitation.
To separate the effects of the increased homogeneity 
of the fermentation broth due to increased RPM from the 
effect of increased availability of oxygen due to 
increased RPM, additional experiments were carried out 
where exactly the same conditions as the centre point were 
maintained except that the 150ml./min. air was replaced 
either with a mixture of 100ml./min. air and 50ml./min. 
oxygen gas or a mixture of 100ml./min. air and 50ml./min. 
oxygen-free nitrogen gas.
The results (table 5.63 and table 5.64) show that in 
both cases cytochrome P-450 production was severely 
reduced, averaging 3 4. 50nmol. per g.dry yeast and 
251.81nmol. per litre with increased D.O.T. and 30.3 5nmol. 
per g.dry yeast and 2 41.80nmol. per litre with decreased 
D.O.T. , compared with 125.97 nmol, per g. dry yeast and 1030.82 nmol 
per litre at centre point conditions. •
The "biomass yield was not much affected "by these variations in 
dissolved oxygen availability and in "both cases the yield was close to 
the mean yield at the centre point. Thus the significance of the effect 
of RIM on the "biomass yield in the 7? factorial experiment was not due
to its effect on the availability of oxygen. This pointed 
to the effect of increased homogeneity as one of the 
possible ways by which RPM can influence the biomass
yield.
This indicated that, while the effect of RPM was 
significant to the yield of cytochrome P-450 in nmol. per 
litre, important in maintaining homogeneity, its principal 
effect in this system was in maintaining optimal dissolved 
oxygen availability, in agreement with the results from 
shake-f lask culture reported by King ' (1984 ).
5.6 .9.2 An Initial Work On The Effect Of "KLa" On The
Yield Of Batch Cytochrome P-450 Fermentation.
The reference to D.O.T. in describing the effect of 
dissolved oxygen availability might be misleading. This is 
because, it still has not been established whether the 
effect of oxygen on cytochrome P-450 production was due to 
the activity driving force (as represented by D.O.T.), or 
other parameters such as the overall mass transfer 
coefficient ("Kha") and the oxygen interfacial
concentration ("C*"), where the difference between C 
and the dissolved oxygen concentration in the bulk liquid 
("Cl ") provided the dissolution driving force for 
oxygen.
Further, the effect of the interactions between these 
variables and between each of these variables and other 
variables have never been studied in relation to
cytochrome P-450 fermentations.
Most workers (Rogers and Steward, 1973 ; Lim, 1977 ; 
Trin et al. 1982) stopped at D.O.T. as a. means of 
representing the cause of the effect of oxygen on
cytochrome P-450 production. Although the results suggest 
that there is a correlation between the measured D.O.T. 
and the measured level of enzyme specific-yield, the
assumption that D.O.T. is the cause of the effect of 
oxygen on cytochrome P-450 has in fact never been proven.
In this preliminary work the KLa value of each set 
of conditions used in the stirred-fermenter was measured
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before • inoculation using the method described previously 
(section 5.4.2). The result is given in table 5.65 •
An attempt was then made to correlate the yield with 
the experimental variables including KLa using factor 
analysis (chapter 3). However, the attempt failed since 
the Kta was itself very dependent on the other variables 
such as RPM and A.
5.7 CONCLUSIONS.
This work was the culmination of the optimisation of
the production of cytochrome P-450 in S.cerevisiae with 
respect to the variables T, pH, RPM, A, INOC, G, YE, P and 
S. All of these variables except INOC were shown to have 
optimal values with respect to the yield of cytochrome 
P-450 in S.cerevisiae not only intrinsically, but also 
due to the interactions with other variables. This can be 
determined by systematic investigation.
The optimisation of the batch fermentation in the 4-1 
fermenter using constant set-points control of the 
experimental variables has resulted in a 73% increase in 
the cytochrome P-450 volume-yield in nmol, per litre 
compared to the best shake-flask culture results (King, 
1983). The constant set-point conditions for optimum 
cytochrome P-450 production in the yeast were different 
from the constant set-point condition for optimum yeast 
biomass production. In addition, the constant set-point 
conditions for the optimum cytochrome P-450 yield in nmol, 
per litre represent a compromise between the two sets of 
conditions. In this case, the cytochrome P-450 yield in 
nmol, per g.dry yeast at the centre point (which was taken 
as the optimum) represents an increase of 155% compared to 
the shake-flask culture results. The biomass yield in 
g.dry yeast per litre at the centre point represents a 
decrease of 32% compared to the shake-flask culture 
results.
In the area around the centre-point the biomass 
production was significantly affected by RPM, presumably 
via the increased homogeneity caused by it, but not via 
the changes in the dissolved oxygen availability caused
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by it. /
Yields were also shown to be particularly sensitive 
to certain variables especially RPM, so that the accuracy 
of the control of pre-determined values has a strong 
effect on the yields obtained, as well as the actual 
values themselves. The increased accuracy of control 
obtained with the microprocessor system undoubtedly 
contributed to the yield improvement obtained.
The variations between batches of the components of 
the complex medium, namely the mycological peptone and 
yeast extract has been shown to be very highly significant 
in their effect on the cytochrome P-450 specific-yield and 
volume-yield. The importance of the consistency of raw 
materials is thus evident.
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CHAPTER 6 
OPTIMISATION OF CYTOCHROME P-450 
FERMENTATION BY YEAST SACCHAROMYCES CEREVISIAE 
N.C.Y.C.754 IN A STIRRED-TANK FERMENTER 
USING TIME-PROFILED CONTROL
6.1 INTRODUCTION. *
In fermentation control a "time-profile" refers to 
the programmed variations of the level of a control 
variable in time so designed as to achieve maximum
production of the required product at every point in time 
during the process. The specific variation of a control 
variable that is required in the optimum production of a 
particular product can be worked out based on the results 
of previous runs of the process using a mathematical 
method known as The Continuous Maximum Principle 
(Pontryagin et al. 1962 ; Fan 1966). In The
Continuous Maximum Principle functions which describe the 
state of the process with respect to time are formulated 
and the values of the constants in their equations are in 
turn described as functions of the control variables. The 
method of The Continuous Maximum Principle works by 
defining the values of the control variables at any point 
in time which will make the values of the functions 
describing the state of the process at any point in time
optimal with respect to the final yield of the required
product. (For a more detailed mathematical description, 
please refer to section 6.4 in this chapter).
Ever since the first attempt at applying The
Continuous Maximum Principle to optimise batch
fermentations by Constantinides et al. (1970b) by
controlling the temperature-time profile, many workers
have followed suit and used The Continuous Maximum
Principle to optimise batch fermentation processes by
controlling the time-profile of one or two variables, most 
commonly T and pH (Rai and Constantinides, 1973 ; Cheruy 
and Durand, 1979), but also the substrate feed (Fishman
and Biryukov, 1974; Guthke and Knorre, 1981).
The normal control version uses constant set-points 
control, as discussed in previous chapters. Using 
time-profiled control optimisations improvements were 
obtained in all published work compared to the constant 
set-point control versions. However, it was not always 
clear whether these constant set-point control versions 
have themselves been optimised. It could therefore happen
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that optimisation of the time-profile would produce no 
greater an improvement than optimisation of constant
set-point conditions alone.. One of the aims of this work 
was therefore to test whether time-profiled control 
succeeds in its theoretical promise to be better than
constant set-point control.
The Continuous Maximum Principle is in theory also 
capable of solving problems involving any number of
variables (Constantinides, 1969). In fermentation
processes, the method has never been applied to more than 
two variables. The second aim of this work was therefore 
to test whether the application of The Continuous Maximum 
Principle on three control variables will be successful in 
the face of the experimental and modelling errors 
involved.
Constantinides et al. (1970b) predicted that
temperature profiling of batch penicillin fermentation 
would produce a yield 15% higher than in constant 
set-point controlled fermentation at 25°C., but this 
optimised profile was not tested experimentally. Again the 
set point condition has not been optimised.
The optimum T and pH profiles for the gluconic acid 
production of Rai and Constantinides (1973) were virtually 
constant. They averaged them into constant values and 
tested the constant set-point version which gave the 
predicted optimal yield.
Cheruy and Durand (1979) used step changes to 
approximate their T and pH profiles for their erythromycin 
fermentation. It did not produce the predicted 10% 
increase in the erythromycin yield per litre of culture 
but instead it attained roughly the same yield in less 
time to give a 30% gain in productivity.
The microprocessor control facilities in our 
laboratory allow a time-profile control using ramp 
changes rather than step changes. A ramp change facility 
is where a specified increase or decrease in the value of 
a control variable over a certain period of time can be 
approximated by straight lines of any constant gradient, 
as different from a step dhange facility where a specified 
increase or decrease in the value of a control variable
has to be approximated by a series of vertical jumps with 
respect to the horizontal time axis. With a ramp change 
facility it should be possible to approximate any required 
profiles more closely than with a step change facility 
alone. The third aim of this work was therefore to test 
whether with more-closely approximated control profiles 
the optimisation will succeed in producing an improvement 
in the yield.
6.2 MODELLING.
Optimisation results based on The Continuous Maximum 
Principle are often highly dependent on the models used 
(Weigand 1978). Where the exact process mechanisms are 
known, as in the case of the gluconic acid fermentation 
(Rai and Constantinides, 1973), the process can be 
modelled very accurately, subject to experimental error. 
Where the process mechanisms are not fully understood, 
rationally-based models could not be developed, and only 
empirical models were used, as in the case of the 
penicillin fermentations (Constantinides, 1969;
Constantinides et al. 1970a) and erythromycin
fermentations (Cheruy and Durand, 1979). The biosynthesis 
of cytochrome is a similar case. The reactions leading to 
the formation of the enzyme are not fully understood and 
the ways in which the environmental conditions affect 
these reactions are far from clear. As such, exact 
stoichiometric models depicting the reaction are not 
available and empirical models based on observed macro 
behaviour have to be used.
6.2.1 THE MODELLING OF BIOMASS PRODUCTION.
The best known model for biomass growth is perhaps 
the Monod model (Barford and Hall, 1978). In its simplest 
form it can be expressed as :
dvl = klvlv3      6.1
dt (k2+v3 *
where, v^ is the yeast biomass (g. dry wt. per 
litre). >
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« Vg is the limiting substrate (g. per litre),
k-i is the maximum specific growth rate (hr”"*- ) .
is the Michaelis-Menten constant (gl ).
Although the Monod model has been shown to work well
with pure cultures in well-defined media (Barford and 
Hall, 1978), in cultures with a complex medium such as the 
case presently, it has an inherent limitation (Winkler, 
1981) in that the concept of limiting substrate may not 
hold. In view of the difficulties that may arise, another 
model was sought after.
The Logistic Model (Kendall, 1949 ) is similar to
the Monod model in many respects but different in that it 
assumes that growth limitation may be caused by other 
causes besides substrate limitation. It also leaves out 
the limiting substrate from the model, thus allowing the 
model to be fitted to the data of biomass on its own, 
without having to incorporate the limiting substrate data. 
In this sense it is more suitable for our purpose than the 
Monod model and was therefore chosen. The Logistic model 
can be stated as:
dvx = k1v1 - k: vx2 ---- ----- ----  6.2
at k3
where kg is the final biomass concentration (g.dry 
wt.per litre).
Both the Monod and Logistic models do not allow for a 
lag phase, but this should not matter as our data do not 
show a lag phase anyway.
The Logistic model is widely used and has 
successfully described the biomass production in 
penicillin fermentations (Constantinides et al., 1970a), 
erothromycin fermentations (Cheruy and Durand, 1979) and 
gluconic acid fermentations (Rai and Constantinides, 
1973). Our results (Table 6.1) also show that the model 
fits our data of biomass yields quite well.
6.2.2 THE MODELLING OF CYTOCHROME P-450 BIOSYNTHESIS.
As stated previously, the modelling of cytochrome 
P-450 biosynthesis was a classic example of a case where 
the biochemical mechanises of the biosynthesis of the
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enzyme' are not completely understood and empirical models 
must be used in place of rationally-based models.
Before we can develop a model to descibe the 
biosynthesis of cytochrome P-450 in yeast, certain
assumptions will have to be made. The first assumption is 
that each yeast cell at any particular point in time
contains the same amount of cytochrome P-450 as every
other cell in the fermentation broth; the cytochrome P-450
content being defined as that level determined by the 
GO -reduction method.
The second assumption is that the cytochrome P-450 
level in the yeast as determined in the GO -reduction 
method represents the nett amount resulting from synthesis 
and loss.
The third assumption is that at any particular point 
in time all yeast cells are equally capable of and are 
producing cytochrome P-450 at the same rate. Therefore, at 
any particular point in time the rate of production of 
cytochrome P-450 in the fermentation broth is proportional 
to the amount of yeast present.
dv2 = k4vl   6.3
dt
where v2 is the concentration of cytochrome P-450 
(nmol./I).
is the proportionality constant (nmol./g/hr.).
The fourth assumption is that the dénaturation or
loss of cytochrome P-450 takes place in each of the yeast 
cell at the same rate.
Little is known about the mechanism of the 
dénaturation of cytochrome P-450. In the experiments with 
yeast microsomal fraction held in PEG buffer at constant 
temperatures, the loss of cytochrome P-450 as measured by 
the co-reduction method fits first order kinetics (Sadler, 
A.M., unpublished results ) .
If we make a fifth assumption that in the yeast
microsomal fraction that was used in the above experiment 
cytochrome P-450 was not being formed at the same time as 
it was being lost, and that in the whole yeast cells the 
same mechanism of destruction was in operation, then we
can incorporate a first okder loss term to equation 6.3,
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giving,
dv2 - . k4vi T k5v 2   6.4
dt
where is the constant of proportionality in the
first-order dénaturation of cytochrome P-450.In another case where 
similar modelling difficulties have been faced, namely the 
dénaturation of erythromycin (Cheruy and Durand, 1979), 
the same dénaturation term has also sufficed.
The next consideration concerns the induction and 
inhibition of cytochrome P-450. The topic of induction and 
inhibition of cytochrome P-450 has been dealt with in 
chapter 2 .
Glucose has been shown to induce cytochrome P-450 in 
batch fermentations where the concentration of glucose was 
not controlled (King et al. 1982a). A time profile for 
the glucose concentration has been developed by first 
making a sixth assumption that in the fermentation the 
glucose was converted into:
a) Yeast biomass, and
b) Other by-products such as carbon dioxide, 
ethanol and ethanoic acid (Thorne » 1962). The
stoichiometric ratio for yeast biomass formation is taken 
as kg and that for other product as ky.
We then make a seventh assumption that the formation 
of products was effectively a second-order reaction 
involving the yeast biomass as well as glucose 
concentrations, so that
-dvg =kg dv^ (yeast biomass formation) ------  6.5
dt dt
-dvg = ky v-^ vg (products formation) -------- 6.6
dt
and -dvg = kg dv^ + kyviv 3 (total) -- - ---  6.7
dt dt
The effect of ethanol inhibition on cytochrome P-450 
has not been studied in great depths but Lim (1977) has 
found that with 200g/l initial glucose concentration in 
the medium his shake-flask cultures contained 5% (v/v) of 
ethanol after 6 0 hours. Adding 5% (v/v) of ethanol into an 
otherwise normal shake-flask culture at the beginning of
the fermentation did no£. cause any significant effect on
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the cytochrome P-450 level compared to the control flask. 
Karenlampi et al. (1981) found that transferring yeast
which has been grown up to the exponential phase in 
glucose-containing medium into a 2 0g/l ethanol medium free 
from glucose caused the yeast to lose all pre-formed 
cytochrome within 50 minutes. However, they suggested that 
the repression of cytochrome P-450 in this case was in 
response to a lowering of extracellular glucose
concentration and did not mention ethanol toxicity as a 
possible cause.
But adding ethanol into cultures does not give quite 
the same effect as the internally generated ethanol 
(Winkler, 1983b ) since in the former case the measured 
level outside the cell would be higher than the level 
inside the cell while in the latter case the measured 
level outside the cell would be lower than the level 
inside the cell.
Since no ethanol was added to our fermentations, any 
ethanol present in the broth would have been produced by 
the yeast cells and this was a case of an internally 
generated ethanol inhibition as mentioned above. The 
information on the effects of added ethanol as above can 
therefore be treated only as guidelines . Further, the 
ethanol concentration in the fermentation broth was not 
measured and any model that would be developed would have 
to be based on the glucose utilisation and other products 
formation time-profile, leaving ethanol only to make up 
the mass-balance.
In a fermentation with a relatively high initial 
glucose concentration and low dissolved oxygen 
concentration (in all runs the observed D.O.T. dropped to 
zero soon after inoculation) one would expect the 
formation of a lot of ethanol and relatively much less 
acid as described by Thorne (1962). It was therefore 
somewhat suprising to find that a huge amount of alkali 
(NaOH) was needed to control the pH in most of the 
fermentation runs. One possible explanation was that the 
carbon dioxide gas that was produced in the fermentation 
had dissolved into the broth making it acidic, thus 
needing the alkali. j,
6-7
I*f we make an eighth assumption that the alkali 
addition was virtually for the reaction with the carbonic 
acid alone, then the alkali-addition time profile can be 
modelled as follows;
dv4 = k8v1v3   6.8
dt
where kg represents the contribution by the carbon 
dioxide formation term to the stoichiometric ratio k^ in 
equation 6.6. The above equation 6.8 is from our seventh 
assumption that the formation of all products other than 
biomass, follows a second-order reaction involving yeast 
biomass as well as glucose concentration.
Since the rate of the formation of ethanol could be 
related to the formation of carbon dioxide by the equation
^6^12^6 = 2CO2 t 2C2H5OH ——————— 6*9
the ethanol time profile could be derived from the carbon 
dioxide time-profile, which in turn could be derived from 
the alkali time-profile. If we work in terms of moles, the 
contribution of the constant for ethanol formation to the 
stoichiometric ratio k-j is equal to the contribution of 
the constant for carbon dioxide formation. This means that 
any inductive or inhibitive effect of ethanol could be
Ç
represented by the effect of the measured time-profile of 
the alkali addition.
By making a ninth assumption that any inductive or 
inhibitive effect of glucose or ethanol follows 
first-order kinetics with respect to the glucose or 
ethanol concentration respectively, we could incorporate 
these effects into the cytochrome P-450 equation (equation
6.4) as follows;
dvp
—  = \  v1 - k5 v2 4 kg v3 + — -------------- 6.10
where kg and k-^ Q are the constants of 
proportionality for the effects of glucose and ethanol 
respectively.
&
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6.3 TREATMENT OF RESULTS.
The models that have been developed in section 6.2 
were fitted to the experimental data of the fermentation 
runs in the composite design based on the 2  ^ factorial 
experiment (Tables 6.15 through to 6.34) . The fitting was 
done by computer by minimising the sum of squared errors 
between the predicted data and the actual data using the 
Simplex Method (Nelder and Mead,1965). A Fortran program 
on this method was available from the NAG routine library 
of the computing unit of the University.
The values of the constants of the models which gave 
them the best fit on the data for each fermentation run 
are given in Tables 6.1 through to 6.5.
The next task was to formulate a mathematical 
relationship between each of these constants and the 
three control variables T, pH and RPM. Previous workers 
dealing with two control variables namely T and pH have 
used two approaches. Rai and Constantinides (1974)
described the constants as function of T with 
Arrhenius-type equations, with linear interpolation of pH 
values. Cheruy and Durand (1979) used second-order 
regression functions for each constant and used the 
Student-Fisher test to check whether each regression term 
was significant, taking into account the dispersion of
the measurements, and then eliminating the insignificant 
terms to simplify the functions.
We have chosen to follow the approach used by Cheruy 
and Durand (1979) because with our three variables a 
non-linear regression would be easier to handle than the 
three-dimensional linear interpolation that would result 
if we follow the approach of Rai and Constantinides
(1974). The non-linear regression has also the advantage
that it will take into account the interactions between 
the control variables. This might be important in our
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case where the effect of RPM might interact with the 
effect of T, and the effect of T might interact with the 
effect of pH. It has been reported that the overall mass 
transfer coefficient of gases into liquid (K^a), which 
normally would be largely a function of RPM, would 
increase logarithmically with T (Winkler, 1981). The T 
has an effect on the measurement of pH and for this 
purpose an automatic temperature compensation probe has 
also been installed.
It was noted that the four-term cytochrome P-450 
model (equation 6 .10), although more accurate in its 
prediction of the data than the two-term model (equation
6 .4 ), nevertheless has constants which could not be 
mathematically related to the control variables using the 
non-linear regression technique. There was therefore a 
suspicion that the accuracy in this case was due to the 
greater number of degrees of freedom in this case 
(expressed as a greater number of constants) rather than 
the model more-closely resembling the observed behaviour. 
The two-term model was less accurate in predicting the 
data but its constants could be related to the control 
variables using the non-linear regression technique. The
four-term model was therefore dropped in favour of the two-term 
model and the two-term model together with the Logistic 
equation for biomass were submitted for the optimisation 
using Pontryagins Continuous Maximum Principle 
(Pontryagin et al. 1962).
6.4 THE CONTINUOUS MAXIMUM PRINCIPLE.
6.4.1 A DESCRIPTION OF THE CONTINUOUS MAXIMUM PRINCIPLE.
The following is a description of The Continuous 
Maximum Principle and its use to optimise the batch 
fermentation process. Much of it is based on the 
derivation by Fan (1966). The performance equation of a 
process has the form
dVf = fi(vi (t) ,v 2 (t),.:... xrm (t) (t) ,e2 (t)... .en(t) )
where vi(tQ) = and i = i,2,3 ••••m or the vector form 
f£ = f(v(t)i e(t)), v(t0) - 5c----- ------— — —  6.12
where v(t) is an m-dimensional vector function representing the state 
of the process at time t; and 9(t) is an n-dimensional vector function 
representing the decision at time t.
If the process is a hatch fermentation the optimisation problem 
is to find a continuous decision vector function 8(t),subject to some 
constraints, which makes a function of the final values of the state 
variables, namely the objective function
M = ci vi(tf)----------- ----------- ----------- - 6.13
i=l
(where c^= constant) a maximum when the initial conditions v^ (t^ j=c^  ^
are given. When the time interval is fixed and the initial values of the 
state variables are given, there are two different types of basic problems. 
There is a fixed right-end problem when the final conditions are specified, 
and a free right-end problem when they are not. In this case we have a free 
right-end problem, because in a batch fermentation process where the 
optimum yield is still to be found,the final condition is unknown. Further, 
a fermentation process which is aimed to complete in a fixed length of 
time would be more convenient to run than otherwise. The case of a batch 
fermentation is therefore one which has a fixed time interval and has a 
free right-end.
The procedure for solving the problem is to introduce an 
m-dimensional adjoint vector z(t) and a Hamiltonian function H which 
satisfy the following relations :
Vh (z(t;,v(t;,8(t;;= f.  6 .1^
m 1=1
dzi _ bH _ V -  ^fi 1=1,2......m -----------  6.15
j=i
Zilt ; = i = 1,2, m  6.16
This is as stated in the theorem .... In order that the scalar function 
M given in equation 6.13 may be a maximum for a process described by 
equation 6.11, with the initial conditions at t=tQ, v(t^ )= sA given, 
it is necessary that there exist a non-zero continuous vector function
ir
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z(t) satisfying equation 6.15 and 6.16 and that the vector function 0-(t) 
be so chosen that H(z (t), v(t) ,0(t) ) is a maximum for every t, t^<t<t_p. 
Furthermore the maximum value of H is a constant for every t”(Fan,1966).
The optimal decision vector function 0(t) which makes M an extre­
mum is the decision vector function 6"(t) which renders the Hamiltonian 
function H extremum for every t, tQ<t<t^. This can be proven as follows: 
Let 0(t) be the optimal decision vector function and v(t) the 
corresponding optimal state vector function.
Then, _
dv(t) = f( 17,9)    6.17
dt
If the decision vector is perturbed arbitrarily but slightly from the 
optimal value at every point of the process,ie.
9<t,e) = «(t) + p(E2)  —  6.18
the resulting perturbation on the. state vector function is
; _ o
v(t,£.) = v(t) + £g(t) + q(s )  —  6.19
where^(t) and g(t) are bounded vector functions of t with the same
dimensions and order of magnitude as 0(t) and vft) respectively,and
2 2 2 p(E ) and q(g. ) denoting the terms including 8 and those of higher
orders. From equations 6.11,6.17 and 6.19
dy = f (v(t) ;0(t) ) , v(tn) = ------------- ---- 6.11
dt
dy = f(v(t);8(t)) , v(t ) = ----------------- 6.17
dt U
v(t, £) = v(t) + 8g(t) + q(£2) -------- -------- 6.19
we obtain; dy(tf£) = dv + gdg(t) + q(82)
dt dt dt
giving . r i p
f i = [dy (t,f) - dy(t) I -q(E )
dt U t  dt J
which is the same as .
6.f!i(t) = 
dt
f^(v,9) - f^(v,8)^ - q(82) ---6.20
The bracketed quantity in equation 6.20 may be expanded in a Taylor 
series around v(t) and 0(t). For example, from an expansion around v,u 
where v=d and u=e we get,
f(v,u) = f(d,e)+ àf[d,e) JTv-dJ + ^f(d,e)fu-ej +
Sv 3 u u J
1
2»
(d,e) fv-dl2 + 2^f (d,e). 4f(d,e)   .1 +
L 2 ^ ^ A" J
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Taking only the first derivatives we get:
f(v,u) = f(d,e) [y-d] + Vf (d,e) [u-e]
b u
Similarly
|'jfi(v,6)] - f^ (v,^)J = fi(v(t),0(t)) + ^ f(v,"F) ^ g + ^ f(v,e)Zy^-f^(v,
On the R.H.S. the term f^(v(t) ,8"(t) ) cancel with the term -f^(v,0),giving
t n m nMv,*)- f. (v,ê) Eg àf (v,0) + 2.2Y, f^.(v,0) — — 6.21
r  j=l i=l J- ~>v. àe.
Thus equation 6. 20 becomes 
dg. _
, m n
effi = 2 l 6 g . à f  (v,e) + ^ L ^ Y .  (v,é) + qfe2) ........ 6.22
dt 3=1 T Z  3=1 T 5 Î
If equation 6.15 and 6.22 are substituted into the expression 
m m m
—  ^ - egizi = 2 1 £ zi d®i + s i  s  Si dz ftp,
dt i=l 1 1  i=l 1 x r 1 1=1 1 TT1  6,23dt dt
where equation 6.15 is
 i =*~ j ^ _i t i= 1»2,......m, --— -----6.15
dt avi J=1 bv±
we obtain 
m
d
dt
’*r— m r m n 1
£ gizi = zi ^ - fgi fi (v,9) + Z L  ^fAv.e)
1=1 1=1 1 j=l ^  j=l J— i J
2 -  ê g. ( -ig ) + q(ç2 )   6.21
1=1 4 v.
: m , 2
where qfe ) ^  (q £ ),i.e. it is small.
i=l
Taking equation 6.15 again and expanding it in a Taylor series but
2putting the terms after the first as q(g, ) t we obtain
-b H m
w  *—  z ; ^ f- (v,e) + q(£ 2) --------------------6.25
à 1 j=l J
Substituting equation 6.25 into equation 6.24 we get,
6-13
2where q(£ ) represent a small term.
Since i and j both go from 1 to m, the two groups of terms inside 
the bracket { }are essentially the same and they cancel each other leaving
m m n
â- ^ z = ^  z _£_f (v,6)ET + q(6 ) -......-6.27
dt i=i 11 i=i 3
Considering the linear terms in equation 6.27 and integrating from 
t=0 to t=tj,, we obtain
trtf m t=tf f
lo d 5 l £6lZi = i  I t  Z  “i h i  +
t=° I 1=1 j=1 ae j •'
dtt=
giving
m_ r "r t=t_
(tf) Z. (tf) - g. (0) z. (0) = f %  %  z dt — 6.28
1=1 L J  tJ=0 V i h  > i  J
q(é^) disappears because it is present in both t=0 and t=t^ terms on 
the R.H.S.. Although they are different,the quantities are nevertheless 
small.
Since the initial values of (t) are given and fixed, at t=0,
0, i 1,2;.....m ..............................6.29
ie. if the values are already fixed, there can be no perturbation or 
change during optimisation.
Substituting equation 6.11 and 6.29 into equation 6.28 and using 
the definition of the Hamiltonian :
From equation 6.28 we get
m t=t„ n
\2:ëc.g,(tJ = J  b Va dt - ™ - — 6.30
1=1 t=o j= ia e . J
The quantity on the L.H.S. of equation 6.30 is the variation of the
objective function M, which must be zero along the optimal trajectory 
for free or unconstrained variations and negative for variations at 
the boundary of the constraints i.e. 
m
SL 2c g (tj <  0.0    6.31
1=1 1 1
From equation 6.30 we conclude that for arbitrary the necessary
conditions for M to be a maximum are
b
=0 at &.(t) = 6\ (t), j=l,2,........n  6.32
J J
when 6- lies in the interior of the region of 0(t), i.e. not hitting 
a constraint, or H= max at
e,(t) = e.(t) , j=l,2,......   < O ^ t ^ t -  — — 6.33
J J i
when 0.(t) lies at a boundary of the constraints.
J
6.6.2 CALCULATION OF THE OPTIMUM PROFILES.
The following systems of equations are used in the calculation of 
the optimum control profiles for the variables T,pH and RPM.
>
6-1$
6.4.2.1 The State Equations.
z1(tfj=0.0
dt2=z2k4
6.2
6.4
Biomass equation
^ 1 =  k 1v 1-kJ v2
d t<2
where is cell dry wt./l. 
Cytochrome P-450 equation 
dv2 ssk3v 1 ■‘k4V2
dt
where is P-450/1
6.4.2.2 The Adjoint Equations.
i t i i
dz1=-z1k1+2z1k1v1-z2k3 ----------
-  iq    6.3
dzl —    z'(t_; = 1 .0
6.3
6.4.2.3 The Hamiltonian.
U1 +z2k3vr z2l<7v2
-2
iXi
+z;v2 ki it
6.3
(5.3'
6.4.2.4 The Quadratic Relationship Between The 
Constraints And The Control Variables. 
k-^Temperature, k ^=pH, k g=RPM
k i = al + a2Xl + a3X2 + a4X3 + a5 X1 X1 + a6X2X 2 + a7X3X3
+ a8X1X2 + a9 X3 + alo x2 h  --- *----------------- 6.36
6.4 .2.5 THE FORTRAN PROGRAM
A program to calculate the optimum profile of the 
control variables was written in Fortran based on a 
flowchart adapted from Cheruy and Durand (1979) and shown 
in Fig. 6.1. The full listing of the program is given in
the appendix.
The initial condition of the biomass equation is set
at 0.77 and that of the cytochrome P-450 equation is set
at 5.44, which is the average inoculum size (in g. dry 
weight per litre) and its average cytochrome P-450 
concentration (in nmol. per litre) respectively. The 
fermentation time is set at thirty-two hours.
The adjoint variables are specified at t=tf by 
z(tf)= G            6.16
(Rai and Constantinides, 1973) and the objective function 
is a linear combination of the final values of the state 
variables
M = ci v. (tf)
where is constant (Constantinides et al.
1970). Thus the final value of is zero since biomass 
is not the variable being optimised and the final value of 
z2 is 1.0 since the cytochrome P-450 concentration in
nmol. per litre is the variable being optimised.
As can be seen from the flowchart and the listing of 
the program, the iteration will only stop when all the 
points in the numerical integration along the time axis 
have either reached H^/^ y ^ O or they have hit a constraint. 
In practice, two difficulties arose. The first concerns 
the size of the step in the steepest ascent of the 
Hamiltonian. AS long as the step size has a non-zero 
value, no matter how small, there is the chance that the 
point of will be missed by the step, as it may be
situated between successive steps. This will cause the 
iteration to oscillate between the two points 
indefinitely. The second concerns the value of the error 
tolerance within which the oscillation will stop. This 
error should be estimated based on the errors in the 
predicted values of the variables 'involved in the 
calculation of . The problem is that the difference
between the actual values of these variables and their
6-17
predicted values will not be the same everywhere along the 
quadratic response surfaces of the constants and 
consequently &H/^V will not be subjected to the same error 
everywhere in the region considered in the optimisation. 
If we take the r.m.s. error in the prediction of these 
variables and use it as the basis to estimate the error 
tolerance of , the iteration will stop at some points
along the time axis even when the optimum H at these 
points has not been reached. This is because the errors 
there are less than the estimated average value. On the 
other hand, at other points where the errors are bigger 
than the estimated average value the iteration will not 
stop at all. For this reason if we increase the error 
tolerance until the program converges to a solution for 
every point along the time axis, the error tolerance which 
first allows the program to do so is the biggest error in 
the prediction of , thus rendering the more accurate
determination of the optima at other points, which have 
smaller errors than the estimated average, unachievable. 
To avoid this disadvantage, the error tolerance is set to 
zero, the step change factor is set to a very small value 
and the number of iterations is set to a big value. The 
program is run repeatedly with the number of iterations 
increased each time until a further increase cause no 
significant change in the predicted yield of cytochrome 
P-450 compared to the experimental error.
With a step change factor of 0.01 and 200 iterations, 
a final yield of 2187.81 nmol. per litre is predicted. 
Increasing the iterations to 1000 causes the final 
predicted yield to increase to 2196.50 nmol. per litre, an 
insignificant increase compared to the experimental error. 
The time-profiles in the latter case are shown in Figure 
6.2. These are the profiles that would be used in 
fermentation runs.
6.5 DISCUSSION AND CONCLUSIONS.
The time-profiles optimisation using the method of 
The Continuous Maximum Principle (Pontryaqin et al.
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1962) succeeded in producing the optimum time-profiles of 
the variables T, pH and RPM for the optimum production of 
the enzyme cytochrome P-450 in batch fermentations. The 
resulting time-profile of the cytochrome P-450 yield 
predicted a final yield of cytochrome P-450 of 2196.50 
nmol. per litre after thirty-two hours. However, the 
optimum-profiles as above could not be tested 
experimentally due to the failure of the fermentation 
medium caused by the exhaustion of a particular batch of yeast extract.
If the predicted increase in the final yield of the 
cytochrome P-450 in nmol. per litre can be achieved in 
practice, it would represent an improvement of 113% over 
the best yield obtained in constant set-point control.
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CHAPTER 7 
—  FINAL -DISCUSSION, CONCLUSIONS. 
AND SUGGESTIONS FOR FURTHER WORK.
7.1 FINAL DISCUSSION.
In this work the production of the intracellular 
enzyme cytochrome P-450 in batch fermentations has been 
successfully analysed and improved using the methods of 
factor analysis, factorial experiments, the path of 
steepest ascent, composite design and canonical analysis on 
the initial composition of the fermentation medium and the 
constant set-points of the environmental conditions. 
Although these methods have been successfully applied to 
batch fermentations where the required product was the 
biomass (Moresi et al. 1979 , Moresi and Sebastian!; 1979 ,
Moresi et al ; 1980a, Moresi et al.1980b, Blakebrough
and Moresi, 1981), this work was the first time that these 
methods have been applied to batch fermentations for an 
intracellular product. The result of this work suggest that 
batch fermentations for other intracellular products could 
also be successfully optimised using the same procedures. 
The analysis also showed that the enzyme yield was not 
coincident with biomass yield and the enzyme is thus not a 
growth-associated product.
The success of this work was due mainly to the 
suitability of the mathematical methods and the accuracy of 
the microprocessor control in the latter part of this work.
While suitable mathematical methods could be found and 
the accurate control of specified conditions could be 
ensured, the significant effects of the variations between 
batches of the components of the complex medium have
remained a problem. The predicted improvement in the yield 
as a result of time-profiling the control variables, 
temperature, pH and impel1er speed could not be tested 
experimentally because the medium had failed. The failure 
of the medium was due to one of its components not being
from the same production batch as that which the
experiments for deriving the optimum time-profiles had been
carried out on. Thus the high yields which could be 
achieved by accurately-controlling the specified conditions 
were vulnerable to the changes which occured in the complex 
medium, which under non-optima1 conditions might not have
significant affect, as shown by the results of previous
•V
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workers (Lim; 1977, Woods ; 1979, Gondal, 1979; King; 1983).
An alternative would be to use a chemically-defined 
reconstituted medium, but this would almost always mean 
increased costs. As such, the use of complex media may 
remain the most attractive proposition and at optimum 
conditions the significant effects of the variations 
between batches of the components of the medium remains a 
possibility.
7.2 CONCLUSIONS.
The application of the method of factor analysis on. 
the batch shake-flask fermentation of S .cerevisiae 
N.C.Y.C.240 for the enzyme cytochrome P-450 has succeeded 
in identitifying temperature, pH, fractional fillings of 
the flasks and the initial concentrations of glucose, yeast 
extract, mycological peptone and sodium chloride as being 
relevant to the yield of the fermentation. The experimental 
yields also showed that it was possible to achieve higher 
cost-yields, volume-yields and biomass yields than had 
previously been achieved. The linear empirical models gave 
indications of the trends in the process which could be 
used to plan the strategy for optimisation of the 
fermentation.
The optimisation of the above-mentioned fermentation 
process with respect to the variables temperature, pH and 
initial concentration of glucose, yeast extract, 
mycological peptone and sodium chloride succeeded in giving 
higher cost-yield, vclume-yield and biomass yield compared 
to the results of previous workers. The optimum cost-yield 
achieved represented an improvement of 125% over the 
results of previous workers. The volume yield and the 
biomass yield at this point represented improvements of 3 5% 
and 66% respectively over the results of the previous 
workers. The response surface of the cost-yield was 
strongly influenced by the initial concentration of the 
mycological peptone and the pH while the response surface 
of the volume-yield was influenced by all the variables
almost equally. The response surface of the specific-yield
*
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was strongly influenced lîy the pH while the response 
surface of the biomass yield was influenced by all the 
variables almost equally.
The optimisation of the batch cytochrome P-450 
fermentation by S .cerevisiae N.C.Y.C.75 4 in the 4-1
stirred tank fermenter using constant set-points maintained 
by microprocessor control resulted in a 73% increase in the 
volume-yield of the enzyme compared to the shake-flask 
results of an earlier worker. This improvement in 
volume-yield was the result of a 155% improvement in the 
specific-yield and a 32% decrease in the biomass yield 
compared to the result of the earlier worker. Altogether 
six variables were considered namely temperature, pH,
initial glucose concentration, air flow-rate, impeller
speed and inoculum size. The optimum was found to have a
very narrow dissolved oxygen availability requirement,
which was successfully controlled via the impeller speed. 
The response surfaces for the volume-yield and the
specific-yield were also influenced by the temperature and 
pH, besides impeller speed. The Success of this
optimisation in achieving the improved yield was mainly due 
to the systematic analysis and optimisation of the effects 
of the culture conditions on enzyme production on the one 
hand, and the accuracy with which specified conditions were 
maintained by the microprocessor control system,
particularly the control of dissolved oxygen availability 
by means of the control of agitation conditions, on the 
other.
The optimisation on the time-profile of the control 
variables temperature, pH and impel1er speed using the 
method of Continuous Maximum Principle predicted an 
improvement in the volume yield of a further 113% over the 
best volume yield achieved by constant set-point 
control, but this had not been tested experimentally due to 
the failure of the fermentation medium.
7.3 SUGGESTIONS FOR FURTHER WORK.
The first suggestion is to take up the work on the
7-3
optimisation of the time-profiles of the control variables 
where it was left. In the event that the same medium cannot 
be found, the experiments for the derivation of the optimum 
time-profiles can be repeated in the area of the optimum of 
the set-point control for the new medium and the profiles 
can then be recalculated.
The second suggestion concerns the search for a more 
permanent solution to the problem of the complex medium. If 
the necessary and sufficient conditions for the optimum 
production of the enzyme can be found, then the control 
problem is to ensure that these conditions remain optimal 
despite the variations between batches of the components of 
the complex medium. The strategy should be to search for 
the indicators of a non-optima1 fermentation and to search 
for ways to bring back the process from non-optimality to 
optimality. For example, if the optimum production of 
cytochrome P-450 is found to be associated with certain 
time-profiles of ethanol accumulation or carbon dioxide 
evolution, or biomass production, and if the variations 
between batches of the components of the complex mediums 
are to affect these time-profiles, then the control system 
should be set to bring back the system to the optimum 
profiles of these state variables. For example, a drop in 
ethanol production can be remedied by lowering the 
dissolved oxygen availability, causing more ethanol to be 
produced and so on.
Using the microprocessor control system, the . phase of 
each fermentation at any point in time could be inferred 
via stoichiometric and/or empirical correlations from 
suitable on-line measurements of CO^ evolution, oxygen 
consumption, alkali usage, with continued re-optimisation 
of control set-points.
*
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PLATE 1 
THE SHAKING WATER BATH

PLATE 2 
THE FERFENTATION SYSTEM
   i
'
PLATE 3 
THE FERENTER VESSEL

PLATE 4
THE TOP PLATE OF THE PERCENTER
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TABLE 3.3 ; THE CORRELATION MATRIX OF THE FIRST SEVEN
STANDARD EXPERIMENTAL VARIABLES
T PH s YE p G R
T 1.0000 -O.O9OO 0.2004 -O.OO94 0.0063 0.2105 0.2267
PH -O.O9OO 1.0000 -O.2513 -O.O634 -0.0693 0.0773 -O.32O9
S 0.2004 -0.2513 1.0000 0.4503 0.5073 -O.2215 -O.I5IO
YE -O.OO94 -0.0634 0.4503 1.0000 0.9270 -O.2296 O.O283
P O.OO63 -0.0693 0.5073 0.9270 1.0000 -O.2265 -O.OO57
G 0.2105 0.0773 -0.2215 -0.2296 -0.2265 1.0000 ' 0.0857
R O.2267 -0.3209 -0.1510 0.0283 -0.0057 0.0857 1.0000
TABLE 3.4- : EIGENVALUES OF THE CORRELATION MATRIX AND CUMULATIVE 
PERCENTAGE CONTRIBUTIONS OF VARIANCE OF THE FACTORS
FACTORS EIGENVALUE PERCENTAGE OF VARIANCE
FI 2.423 34.69 #
F2 1.478 55-30 %
F3 1.070 71.09 %
f4 O.9IO 84.09 #
F5 O.69O 93.94#
f6 0.354 99.00 #
F7 0.070 100.00 #
TOTAL 7.OOO
TABLE 3.5 : COEFFICIENTS OF THE EIGEN VECTORS F 
 : ; _2
FACTORS T pH S YE P G R
FI 0.032 0.539 -O.35I -0.481 O.518 O.292 0.002
F2 -0.149 -0.502 O.39O -0.462 0.528 -0.285 -O.OO3
F3 0.592 -O.045 -0.147 0.068 0.140 -O.29I 0.719
F4 -0.264 0.268 0.111 O.683 0.574 -O.225 -0.010
F5 O.581 -0.042 -O.I98 0.048 0.117 -O.356 -0.692
f6 0.467 0.086 0.660 0.116 0.125 0.553 -0.057
F7 -0.018 0.612 0.464 -O.262 -O.273 -O.516 0.017
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TABLE 3. 6:VALUES OF THE FACTORS
HO P1 P2 F3 P4 P5 p6 P7
1 9.98 -11.40 9.15 -7.74 7.22 23.90 -7.98
2 4.73 -6.27 14.39 -3.69 13.63 13.94 1.31
3 7.06 -8.55 12.06 -5.49 10.78 18.36 -2.82
4 6.80 -8 .3 0 12.23 -5.63 10.66 18.31 -3.12
5 10.27 -10.55 9.67 -6.05 7.38 24.20 -9.O9
6 6.48 -6 .85 13.59 -3.12 11.87 17.00 -2.38
7 6.80 -8.33 12.49 5.68 10.64 18.39 -3.12
8 7-28 -9.68 12.71 -6.77 10.77 19.61 3.33
9 7.76 -9.22 12.64 -7.46 10.73 19.50 -3.57
10 7.28 -9.68 12.57 -6.77 10.91 19.62 -3.83
11 7.47 -9 .5O 12.68 -7 .05 10.76 19.57 -3.73
12 7.09 -9.8? 12.74 -6.50 10.79 19.66 -3.94
13 7.21 -9.51 13.38 -6.82 11.45 19.89 -3.71
14 12.63 -15.47 8.08 -12.36 4 .98 30.17 -12.74
15 8.78 -12.65 IO.67 -9.82 8.75 25.00 -7.79
16 10.81 -10.60 11.02 -8.78 9.05 25.26 -8.35
17 7.10 -9.32 14.00 -6 .85 12.08 20.10 -3.55
18 9.25 -12.40 12.27 -10.59 9.79 25.54 -8 .36
19 9.78 -12.90 12.23 -10.32 9.75 25.63 -7.75
20 9.88 -11.89 12.42 -9 .2 0 9.87 26.16 -8.37
21 10.43 -II.30 12.77 -7.37 10.15 26.53 -9.17
22 10.15 -12.14 12.40 -9.07 9.85 26.20 -8 .06
23 IO.52 -11.40 12.81 -7.40 10.20 26.36 -9 .2 9
24 10.59 -12.59 12.45 -8.99 9.93 25.92 -7-99
25 9.77 -12.39 12.32 -10.17 9.83 25.65 -8 .1 9
26 6.64 -7.59 16.55 -4.44 14.79 19.34 -2.47
2? 12.34 -15.42 9.25 -12.99 6.12 31.22 -12.97
28 9.46 -12.34 12.16 -10.57 9.66 25.89 -7.76
29 9.37 -12.24 12.12 -10.55 9.61 26.05 -7.64
30 10.77 -12.74 12.39 -8.83 9.85 26.13 -7.56
31 9-79 -11.80 12.38 -9.17 9.82 26.33 -8 .2 5
32 7.34 -8.25 I5 .6I -5.06 13.61 21.33 -3.78
33 9.56 -5.88 17.00 2.26 14.74 22.79 -7.01
34 10.70 -11.55 12.46 -7.23 10.41 26.59 -8 .88
35 10.14 -12.14 12.04 -9.06 10.19 26.23 -8.07
36 5.76 -7.87 16.40 -5.69 15.53 17.94 -0.33
37 4 .89 -7 .OI 17.28 -5.01 16.60 16.28 1.22
38 6.89 -8.79 15.35 —7.08 13.45 20.59 -3.51
39 7.23 -9.29 15.31 -6.82 13.41 20.68 -2.9O
40 4.62 -6 .76 17.66 -5.15 16.28 16.21 0.92
41 9.29 -11.32 13.00 -8.75 IO.58 25.06 -7.33
42 7.19 -8.82 15.30 -7.28 13.41 20.58 -3.08
43 6.73 -9.27 15.36 -6.62 13.45 20.69 -3.33
44 6.46 -9.54 15.20 -7.50 13.32 20.51 -2.95
45 7.45 -8.54 15.46 —6.40 13.# 20.75 -3.47
46 7.04 -9.14 15.37 -6.98 13.48 20.47 -3.32
47 6.87 -8.95 15.30 -6.92 13.38 20.79 -3 .09
48 6.96 -9.04 15.33 -6.95 13.43 20.63 -3.21
49 8.42 -10.47 13.88 -8.08 11.65 23.40 -5.79
50 12.80 -14.74 9.51 -11.45 6.31 31.69 -13.53
51 9-39 -12.24 13.45 -IO.78 10.91 26.87 -8 .30
52 9-93 -12.74 13.41 -IO.51 10.87 26.96 -7.69
53 10.21 -12.44 13.44 -9.59 11.15 27.15 -8 .10
54 10.21 -12.44 13.30 -9.59 11.29 27.16 -8 .10
55 7.38 -10.01 18.15 8.08 16.20 22.92 -2.97
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TABLE 3. 71 EVALUATION OF THE LINEAR MODEIS INVOLVING ALL THE FACTORS
NO nMOL PER LITRE nMOL PER G DRY nMOL PER UNIT COST G DRY WT . PER LITRE
ACTUAL PREDICT ACTUAL PREDICT ACTUAL PREDICT ACTUAL PREDICT
1 10.96 64.47 0.83 3.39 10.20 75.74 13.20 15.99
2 11.00 110.57 0.96 8 .80 12.07 117.38 11.46 11.65
3 98.97 90.08 6.41 6.39 85.86 98.87 15.44 13.58
4 208.74 121.81 12.44 8.44 181.09 125.10 16.78 14.32
5 10.95 97.63 1.02 4.98 4.77 86.57 10.74 18.14
6 77.09 172.87 4.80 12.56 35-24 149.06 I6 .O6 i5.ll
7 307.63 161.94 22.26 12.05 267.ll 155.53 13.82 14.27
8 286.02 192.47 20.03 14.03 329.16 198.49 14.28 13.88
9 43.99 146.31 4.65 12.28 62.19 128.53 9.46 12.42
10 175.96 140.67 9.93 10.36 207.84 . 166.18 17.72 13.78
11 231.03 168.02 22.30 13.33 292.11 170.53 10.36 13.30
12 242.06 195.28 17.72 14.93 268.05 221.23 13.66 14.0?
13 198.02 165.15 17.37 12.96 211.74 173.98 11.40 13.14
14 10.93 121.91 0.67 8.80 25.64 142.61 17.08 16.01
15 65.98 61.50 3.69 2.83 202.15 124.61 17.88 14.52
16 10.96 -26.75 0.68 -2.24 3.73 -73.36 16.12 13.02
17 I53.95 149.53 12.16 II.98 I52.6I 151.97 12.66 12.46
18 32.64 H 3.51 2.40 7.94 67.90 140.09 13.60 13.82
19 54.86 134.04 4.46 11.22 112.96 152.49 12.30 12.53
20 263.65 92.56 14.36 7.25 211.64 84.04 18.36 13.26
21 186.78 93.99 10.47 6.79 81.01 68.65 17.84 14.67
22 87.99 102.75 3.89 8.88 81.50 90.20 22.62 12.61
23 109.99 105.66 5.36 7.57 47.66 85.30 20.52 14.98
24 I87.07 136.33 12.34 12.08 150.08 129.73 15.16 12.60
25 54.92 114.93 4.60 9.01 83.69 124.81 11.94 13.17
26 98.98 127.28 8.79 IO.69 45.31 98.73 . 11.26 11.54
27 11.06 81.80 1.76 5.70 47.06 98.37 12.48 14.87
28 21.96 91.56 1.76 7 .60 47.06 95.65 12.48 12.20
29 10.99 79.90 1.01 6.82 23.53 79.03 10.88 II.89
30 120.93 134.96 17.68 12.95 112.09 119.21 6.84 11.64"
31 120.91 8O.99 9.01 6.48 112.09 67.47 13.42 12.95
32 10.94 96.37 0.76 8.24 5.17 58.62 14.40 11.65
33 44.00 102.08 2.85 6.41 8.08 -2.95 15.44 17.31
34 54.90 20.31 6.06 1.06 27.85 10.01 9.06 13.83
35 54.89 -2.10 4.91 -O.32 5O.9O 9.15 11.18 12.37
36 10.99 36.31 1.65 4.19 10.33 43.85 6.66 8.75
37 10.97 43.99 1.11 5.09 12.07 50.79 9.88 8.03
38 ' 109.93 107.82 9.04 8.60 95.40 100.93 12.16 11.49
39 131.96 138.41 10.12 12.57 114.47 126.43 13.04 10.60
40 21.99 138.65 5.02 12.65 20.40 125.68 4.38 8.92
41 197.79 97.68 19.74 7.85 161.30 88.67 10.02 12.78
42 131.86 100.76 10.72 9.40 121.54 73.56 12.30 10.15
43 142.92 135.63 10.26 11.10 117.18 140.87 13.93 11.55
44 87.92 128.54 10.99 11.92 112.89 129.62 8.00 9-57
45 109.89 101.67 9.90 9.20 69.18 66.62 11.10 10.83
46 197-80 129.32 17.82 10.99 171.71 123.10 11.10 11.14
47 131.93 IO7 .I6 12.33 9.52 114.47 91.36 10.70 10.50
48 175.97 118.17 16.92 10.25 152.65 107.18 10.40 10.85
49 198.00 105.36 16.31 8.75 165.07 95.61 12.14 12.05
50 77.01 66.95 5.10 4.24 57.51 60.91 15.10 15.67
51 11.00 63.27 3.90 5.08 15.36 65.35 2.28 11.76
52 1.12 83.81 0.49 8.36 15.36 77.76 2.28 10.48
53 131.91 42.72 10.10 4.47 122.29 37.74 13.06 11.09
54 11.03 O .65 O .98 0.77 10.33 5.27 11.26 10.99
55 87.88 84.64 10.77 10.10 76.32 65.03 8.16 6.78
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TABLE 3.16 : THE F-DISTRIBUTION (interpolated from Himmerblau ,19?0)
^1 :/2 F0.99
(1)
F0.95
(3)
F0.90
(4)
53 : 51 1.94 1.60 1.44
53 ; 50 1.95 1.60 1.44
53 : 49 1.96 l.6l 1.45
53 : 48 1-97 1.6l 1.45
53 : 4? 1.97 1.62 1.46
52 : 47 1.99 1.62 1.46
51 : 47 1.99 1.63 1.46
50 : 47 2.00 1.63 . 1.46
49 : 4? 2.00 1.63 1.46
48 : 47 .2.01 1.63 1.46
8-15
TABLE 4.1 : LEVELS OF THE EXPERIMENTAL VARIABLES IN THE FIRST
6
EXPERIMENT OF THE HALF-REPLI CATE 2 FACTORIAL
VARIABLE -1 0 +1 UNITS
Temperature T 28.00 30.00 32.00 °c
PH 4.80 5.00 5.20 pH unit
Glucose G 66.40 100.00 133.60 s / i
Yeast Extract YE 8.00 10.00 12.00 s /1
Peptone P 16.00 20.00 24.00 s /1
Sodium Chloride S 4.00 5.00 6.00 g / l
8-16
z:
TABLE 4.2 : ELAN OF THE HALF-RE ELI GATE 2 FACTORIAL AND RESULTS OF
THE FIRST EXEERIMENT
T IH G YE E s CYTOCHROME P450 
fn mol/l)
BIOMASS ; 
£ dry/l
CYTOCHROME ' 
E-450
NO X1 X2 X3 X4 X5 X6
24hr 40hr- 48hr
n mol/unit 
cost
I -1 -1 -1 -1 -1 -1 43.96 142.86 87.91 11.42 157.18
2 1 -1 -1 -1 -1 1 0.00 87.91 65.93 8.48 96.72
3 -1 1 -1 -1 -1 1 21.98 153.85 109.89 13.56 169.27
4 1 1 -1 -1 -1 -1 21.98 131.87 109.89 8.64 145.09
5 -1 -1 1 -1 -1 1 0.00 164.84 164.84 13.06 169.68
6 1 -1 1 -1 -1 -1 0.00 65.93 0.00 9.48 67.89
7 -1 1 1 -1 -1 -1 43.96 197-80 153.85 12.12 203.62
8 1 1 1 -1 -1 1 0.00 65.93 21.98 10.04 67.87
9 -1 -1 -1 1 -1 1 21.98 131.87 65.93 11.08 136.67
10 1 -1 -1 1 -1 -1 0.00 43.96 0.00 9.58 45.56
11 -1 1 -1 1 -1 -1 32.97 87.91 142.86 10.30 148.06
12 1 1 -1 1 -1 1 0.00 21.98 21.98 8.94 22.78
13 -1 -1 1 1 -1 -1 43,96 241.76 186.81 14.50 235.32
14 1 -1 1 1 -1 1 0.00 65.93 21.98 11.46 64.18
15 -1 1 1 1 -1 1 43.96 285.71 197.80 15-48 278.IO
16 1 1 1 1 -1 -1 0.00 131.87 IO9.89 12.28 128.35
17 -1 -1 -1 -1 1 1 21.98 131.87 65.93 9.22 103.30
18 1 -1 -1 -1 1 -1 0.00 54.95 43.96 9.64 43.04
19 -1 1 -1 -1 1 -1 10.99 186.81 IO9.89 10.42 139.30
20 1 1 -1 -1 1 1 0.00 21.98 21.98 8.76 17.22
21 -1 -1 1 -1 1 -1 153.85 285.71 219.78 16.56 212.89
22 1 -1 1 -1 1 1 43.96 175.82 153.85 12.16 131.01
23 -1 1 1 -1 1 1 197.80 205.05 175.82 15.24 152.60
24 1 1 1 -1 1 -1 21.98 153.85 131.87 14.52 114.63
25 -1 -1 -1 1 1 -1 43.96 120.88 IO9.89 9.88 90.72
26 1 -1 -1 1 1 1 0.00 65.93 65.93 12.22 49.48
27 -1 1 -1 1 1 1 131.87 219.78 170.33 13.82 164.94
28 1 1 -1 1 1 -1 21.98 131.87 IO9.89 12.64 98.97
29 -1 -1 1 1 1 1 142.86 329.67 285.71 18.22 236.32
30 1 -1 1 1 1 -1 21.98 131.87 IO9.89 16.22 94.53
31 -1 1 1 1 1 -1 153.85 219.78 197.80 15.96 157.55
32 1 1 1 1 1 T ~ 0 ; 00" -  65.93 43.96- 14.68 47.26
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TABUS 4.3 : THE APPLICATION OF YATES METHOD ON THE RESULTS OF THE FIRST HALF-RE PLICATE
2 FACTORIAL EXPERIMENT TOTALS '
NO X1 X3 X4 x5 X6
YIELD
nmol/unit 
cost
COLUMN
1
COLUMN
2
COLUMN
3
COLUMN
4
COLUMN
5
IDENTIFICATION
1 157.18 253.90 568.26 1077.30 2136.32 3990.08 G(grand total)
2 X1 (x6> 96.72 314.36 509.04 1059.02 1853.76 1520.96 X1
3 X2 (x6) 169.27 237.55 353.07 913.99 -859.48 121.14 X2
4 X1 145.09 271.49 705.95 939-97 -661.48 -21.58 %
5 x3 (x6)
169.68 182.23 302.86 -322.20 I89.96 733.48 x3
6 X1 x3 67.87 170.84 611.13 -535.28 -68.82 -339.80 %
7 *3
203.62 299.50 404.11 -302.19 -10.44 -244.78 X2X3
8 X1 "2 *3 (x6) 67.87 406.45 535.66 -359.29 -11.14 147.30 XlX2X3
9 x4 (x6) 136.67 146.34 -84.64 94.40 293.66 7.50 x4
10 X1 x4 45.56 156.52 -237.56 95.56 439.82 -272.I8 xlx4
11 x4 148.06 343.90 -216.39 -66.49 -257.42 65.32 V 4
12 X1 X2 x4 (x6> 22.78 267.23 -320.89 -2.33 -82.38 9.56 X1X2X4
13 x3 x4
23502 140.20 -182.34 2.34 91.82 235.38 ^ 4
14
*3 x4 (x6)
64.18 263.91 -119.85 -12.78 -336.60 -158.94 X1X3X4
15 x4 w 278.IO 330.85 -IO7 .21 -17.91 -14.66 -18.04 V f 4
16
x3 x4 128.35 204.81 -252.O8 6.77 161.96 76.28 X5X6"X1X2X3X4
17 x5 Cx6) 103.30 -60.46 60.46 -59.22 • -18.28 -282.56 x5
18
x5
43.04 -24.18 33.94 352.88 25.78 198.00
%
19 x5 139,30 -101.81 -11.39 308.27 -215.O8 -258.78 X2X5
20 X1 X2 x5 (%) 17.22 -135.75 106.95 131.55 -57.10 -O.70 xlx2x5
21
x3 x5 212.89 -91.11 10.18 -152.92 1.16 146.16 X3X5
22 X1 x3 x5 (x6) 131.01 -125.28 -76.67 -104.50 64.16 175*04 xl %
23 x5 (x6) 152.60 -171.14 123.71 62.49 -15.12 -428.42
24 X1 .*2 x3 x5 114.63 -149.75 -126.04 -144.87 24.68 176.62 x4x6*x1x2x3x5
25 x4 x5
90.72 -60.26 36.28 -26.52 412.10 44.06 X4X5
26 X1 x4 x5 (xg) 49.48 -122.08 -33.94 118.34 -176.72 157.98 W 5
27 X2 x4 x5 (xg) 164.94 -81.88 -34.17 -86.85 48.42 63.OO X3X4X5
28 X1 X2 x4 X5 . 98.97 -37.97 21.39 -249.75 -207.36 39-80 x3x6=x1x2x3x4
29
"3 x4 x5 W 236.32 -41.24 -61.82 -70.22 144.86 -588.82 x3x4x5
30 X1 *3 x4 x5 94.53 -65.97 43.91 55.56 -162.90 -255.78 X2X6”X1X3X4X5
31 x2 *3 x4 x5 157.55 -141.79 -24.73 105.73 125.78 -307.76 X1X6"X2X3X4X5
32 X1 x2 x3 x4 x5 (x6) 47.26 -IIO.29 31.50 56.23 -49.50 -172.28 X6"X1X2X3X4X5
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TABLE^.5 : RESULT OF F-TEST ON MAIN EFFECTS AND INTERACTIONS
NO TOTALS IDENTIFICATION FACTORIAL
EFFECT
d.f. s2 SV F-TESTVERDICT
1
2
3990.08
••1520.96
(GT)
T 95.O6 1 72291.23 264.77 1
3 121.14 m 7.58 1 458.60 1.68 5
4 -21.58 T-ÿî 1.34 1 : 14.55 O.05
5 733.48 G 45.84 1 16812.28 61.58 1
6 -339.80 T-G 21.24 1 3608.25 13.22 1
7 -244.78 IH-G 15.30 1 41872.41 153.36 1
8 147.30 T-pH-G : YE -P -S 9.20 1 678.04 2.48 5
9 7.50 YE 0.46 1 1.76 0.01
10 -272.18 T-YE 17.02 1 2315.06 8.48 2
11 63.32 Ifi-YE 4.08 1 133.33 0.49
12 9.56 T-pH-YE :G-P-S 0.60 1 2.86 0.01
13 235.38 G-YE 14.72 1 1731.37 6.34 3
14 -158.94 T-G-YE:pH-P-S 9.94 1 789.44 2.89 5
15 -18.04 iH-G-YE :T-P-S 1.12 1 • 10.17 • 0.04
16 76.28 P-S 4.76 1 182.79 O.67
17 -282.56 P 17.66 1 2495.OO 9.14 2
18 198.00 T-P 12.38 1 1225.13 4.49 4
19 -258.78 TH-P 16.18 1 2092.72 7.66 2
20 -O.70 T-iH-PîYE-G-S 0.04 1 0.02 0.00
21 146.16 G-P 9.14 1 667.59 2.45 5
22 175.04 T -G-P : ïH -YE S 10.94 1 957.47 3.51 4
23 -428.42 pH-G-P:T-YE-S 26.78 1 5735.74 21.01 1
24 176.62 YE-S 11.04 1 974.83 3.57 4
25 44.06 YE-P 2.76 1 60.67 0.22
26 157.98 T-YE-P:pH-G-S 9.88 1 779.93 2.86 5
27 63.OO pH-YE-P :T-G-S 3.94 1 124.03 0.45
28 39.80 G-S 2.48 1 49.50 0.18
29 -588.82 G -YE -P :T -pH -S 36.80 1 10834.66 39.68 1
30 -255.78 IH-S 15.98 1 2044.48 7.49 3
31 -307.76 T-S 19.24 1 2959.88 10.84 2
32 -175.28 S 10.90 1 960.10 3.52 4
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TABLE 4.6 : THE X-MATRIX FOR THE CALCULATION OF THE LINEAR APPROXIMATE
EQUATION IN THE HALF -REPLI CATE 2 FACTORIAL EXPERIMENT
NO X0 X1 X2 x3 . X4 XS X6
1 1 -1 -1 -1 -1 -1 -1
2 1 1 -1 -1 -1 -1 1
3 1 -1 1 -1 -1 -1 1
4 1 1 1 -1 -1 -1 -1
5 1 -1 -1 1 -1 -1 1
6 1 1 -1 1 -1 -1 -1
7 1 -1 1 1 -1 -1 -1
8 1 1 1 1 -1 -1 1
9 1 -1 -1 -1 1 -1 1
10 1 1 -1 -1 1 -1 -1
11 1 -1 1 -1 1 -1 -1
12 1 1 1 -1 1 -1 1
13 1 -1 -1 1 1 -1 -1
14 1 1 -1 1 1 -1 1
15 1 -1 1 1 1 -1 1
16 1 1
, 1 1 1 -1 -1
17 1 -1 -1 -1 -1 1 1
18 1 1 -1 -1 -1 1 -1
19 1 -1 1 -1 -1 1 -1
20 1 1 1 -1 -1 1 1
21 1 -1 -1 1 -1 1 -1
22 1 1 -1 1 -1 1 1
23 1 -1 1 1 -1 1 1
24 1 1 1 1 -1 1 -1
25 1 -1 -1 -1 1 1 -1
26 1 1 -1 -1 1 1 1
27 1 -1 1 -1 1 1 1
28 1 1 1 -1 1 1 -1
29 1 -1 -1 1 1 1 1
30 1 1 -1 1 1 1 -1
31 1 -1 1 1 1 1 -1
32 1 1 1 1 1 1 1
8-21
TABLE 4.7 : NORMAL EQUATIONS
( i j H ' X (iy )
32 3990.08
32 -1520.96
32■ 121.14
32 733-48
32 7.50
32 -282.56
32 -175.28
TABLE 4.8 : INVERSE MATRIX TABLE 4.9 : SOLUTION
Cij= (X'X) -1
"Vsa t>0 = 124.69
V32 ^  = -47.53
;l/32 b2 = 3.79
V32 c3 =' 22.92
1/32 % = 0.23
V32 b5 = -8.83
V32 ■bg = -5.48
8-22
TABLE 4.10 : PREDICTION OF THE CYTOCHROME P-450 YIELD (IN nMOL PER UNIT COST) 
OF THE FÎRST HALF-REPLICATE 26 FACTORIAL EXPERIMENT BY LINEAR 
EQUATION
NO ACTUAL YIELD PREDICTED YIELD ' SQUARED ERROR
' ' 1'"' 157.18 I59.6I 5.90
2 96.72 53.59 1860.20
3 169.27 156.23 170.04
4 . 145.09 72.13 5323.16
5 169.68 194.49 615.54
6 67.87 IIO.39 1807.95
7 203.62 213.03 88.55
8 67.87 107.01 1531.94
9 136.67 149.11 154.75
10 45.56 65.01 378.30
11 148.06 167.65 383.77
12 22.78 61.63 1509.32
13 235.32 205.91 864.95
14 64.18 99.89 1275.20
15 278.10 202.53 5710.82
16 128.35 118.43 98.41
17 103.30 I3O.95 764.52 %
18 43.04 46.85 14.52 1
! ^ 139.30 149 0 49 103.84
; 20 17.22 43.47 689.06
21 212.89 I87.75 635.02
22 131.01 82.19 2383.39
| 2] 152.60 184.37 1009.33
j 24 114.63 IOO.27 206.21
1 ^ 90.72 142.37 . 2667.72
26 | 49.48 36.35 172.40
27 164.94 138.99 676.00
28 98.97 54.89 1943.05
29 236.32 177.25 3489.26
30 94.53 93.15 1.90
31 157.55 195.79 1462.30
32 J 47.26 89.77 1407.10
STATISTICAL
QUANTITIES
VALUES
SUM.OF SQUARED 
ERROR 39804.42
MEAN SQUARED 
ERROR 1592.18
ROOT MEAN 
SQUARED ERROR 39.90
M.S.ERROR
M.S.EXPTL.
ERROR
5.83
F-TEST 1
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TABLE 4.12: EFFECTS OF THE VARIATION OF YEAST EXTRACT
CYTOCHROME P-450 BIOMASS
NO T pH . G YE P S nmol/unit nmol/l nmol/g dry g dry/l
1 26.5 5.3 II.70 1.02 1.34 0.9 329.17 285.71 20.01 14.28
2 26.5 5-3 11.70 0.60 1.34 0.9 292.ll 231.00 22.30 10.36
3 26.5 5.3 11.70 1.40 1.34 O.9 268.05 242.00 17.72 13.66
4 26.5 5.3 11.70 0.00 1.34 0.9 62.19 43.96 4.65 9*46
TABLE 4.13: LEVEIS OF THE EXPERIMENTAL VARIABLES IN THE SECOND
6
EXPERIMENT OF THE HALF-REPLI CATS 2 FACTORIAL
VARIABLE o(= _i <X= 0 c<= 1 UNITS
TEMPERATURE (T) 25.OO 26.50 28.00 °c
pH (PH) 5-00 5.30 5.6O pH units
GLUCOSE (G) 94.00 117.00 140.00 fi/1
YEAST (YE) 6.00 10.00 14.00 g/1
EXTRACT
PEPTONE (P) 10.00 13.00 16.00 g/1
SODIUM (s) 0.60 1.00 1.40 s/i
CHLORIDE
8-25
TABLE 4.141 THE PLAN OF THE HALF-REPLICATE 2* FACTORIAL AND THE RESULTS OF THE SECOND EXPERIMENT
NO T # G YE P s C Y T O C H R O M E  P-450 BIOMASS
X1 X2 X- x4 X5 x6
nmol per litre nmol per nmol pei g dry wt.
17 hr 26 hr 41 hi 48 hr 52 hr unit coal g dry wt . per litre
1 -1 0 .00 43.96 0.00 69.78 6.93 6.34
2 -1 l 43.96 76.92 76.92 21.98 122.10 16.87 4.56
3 -1 1 0.00 43.96 43.96 0.00 69.78 7-79 5.64
4 -1 21.98 65.93 76.92 0 .00 122.10 12.41 6.20
5 43.96 87.91 32.97 130.24 11.66 7.54
6 65.93 109.89 87.91 162.80 12.32 8.92
7 43.96 87.91 21.98 130.24 12.63 6.96
8 1 1 1 65.93 109.89 98.90 162.80 13.47 8.16
9 -1 1 1 65.93 87.91 263.74 230.77 354.97 20.19 13.06
10 -1 1 43.96 65.93 197.80 175.82 266.22 22.22 8.90
11 -1 1 -1 1 87.91 153.85 285.71 263.74 384.54 23.93 11.94
12 1 1 -1 1 1 109.89 109.89 131.87 131.87 177.48 16.95 7.78
13
•
1 IO9.89 131.87 241.76 307.69 329.67 419.43 23.79 13.86
14 1 l 87.91 98.90 142.86 IO9.89 I8I.76 13.15 10.86
15 -1 1 1 1 IO9 .89 109.89 274.73 241.76 349.53 18.95 14.50
16 1 1 131.87 142.86 153.85 131.87 195.74 14.62 10.52
17 -1 1 1 76.92 76.92 54.95 43.96 84.62 8.27 9.30
18 -1 1 32.97 32.97 76.92 21.98 84.62 10.62 7.24
19 -1 1 65.93 87.91 98.90 43.96 108.80 11.89 8.32
20 -1 1 21.98 43.96 54.95 21.98 60.45 6.24 8 .80
21 1 65.93 87.91 120.88 87.91 65.93 126.97 11.45 10.56
22 1 21.98 43.96 109.89 109.89 115.43 11.42 9.62
23 1 1 87.91 98.90 142.86 IO9.89 120.88 150.06 13.48 10.60
24 1 1 1 76.92 76.92 109.89 IO9.89 115.43 11.03 9.96
25 -1 1 IO9.89 109.89 186.81 263.74 241.76 258.32 22.62 11.66
26 -1 1 1 1 65.93 109.89 153.85 131.87 150.69 13.94 11.04
27 -1 1 1 i 87.91 120.88 120.88 131.87 120.88 129.16 12.51 10.54
28 1 1 -1 1 1 87.91 131.87 153.85 153.85 150.69 15.60 9-86
29 1 1 i 65.93 87.91 241.76 175.82 241.76 237.55 18.40 13.74
30 1 43.96 131.87 296.70 263.74 278.85 23.25 12.76
31 1 1 65.93 197.80 226.37 285.71 263.74 268.52 21.13 13.52
32 1 1 i 21.98 65.93 164.84 164.84 154.92 15.29 10.78
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TABLE 4.16: RESULTS OF F-TEST ON MAIN EFFECTS AND INTERACTIONS AS
DERIVED BY YATES METHOD ON THE YIELD IN nMOL P-450 PER UNIT COST
NO YIELD I TOTALS IDENTIFICATION FACTORIAJ 
EFFECT '
d.f S2 v S % 2 F-TEST
VERDICT
1
2
69.78
122.10
5774.59
-77O.43
(GT)
T -48.15
1
1 18548.8 16.63 1
3 69.78 -3l4.il pH -19.63 1 3083.3 2.76 5
4 122.10 -131.61 T-$H -8.23 1 541.3 0.49
5 130.24 '585.95 G 36.62 1 IO729.3 9.62 2
6 162.80 -119.19 T-G -7.45 >1 443.9 0.40
7 130.24 62.53 pH-G 3.91 1 122.2 0.11
8 162.80 -56.61 T-pH-G :P-YE-S -J.54 1 100.1 0.09
9 354.97 2142.15 YE 133.88 1 143400.2 128.58 1
10 266.22 -920.91 T-YE -57.56 1 26502.9 23.76 1
11 384.54 360.31 IH-YE 22.52 1 4057.0 3.64 4
12 177.48 II.27 T-jH-YE :P-G-S 0.70 1 4.0 0.00
13 419.43 -157.49 G-YE —9.84 1 775.1 0.70
14 181.76 -44.51 T-G-YE -2.78 1 61.9 0.06
15 349.53 16.37 pH-G-YEsT-P-S 1.02 1 8.4 0.01
16 195.74 -107.13 P-S -6.7O 1 358.7 0.32
17 84.62 -824.43 P -5I.53 1 21240.2 19.05 1
18 '84.62 264.59 T-P 16.54 1 2187.7 1.96 5
19 108.80 -83.93 pH-P -5.25 1 : 220.1 0.20
20 60.45 -62.75 T -pH -P :G -YE -S -3.92 1 123.0 0.11
21 120.97 -254.81 G-P -15.93 1 2029.0 1.82 5
22 115.43 151.15 T-G-P :pH-YE-S 9.45 1 713.9 0.64
23 150.06 56.03 pH-G-P :YE-T-S 3.50 1 98.1 0.09
24 129.16 -460.99 YE-S -28.81 1 6641.0 5.95 3
25 258.32 -577.51 YE-P -36.09 1 10422.4 9.35 2
26 150.69 793.15 T-YE-P: pH-G-S 49.57 1 19659.0 17.63 1
27 129.16 -130.13 pH-YE-P :T-G-S -8.15 1 529.2 0.47
28 150.69 80.13 G-S 5.01 1 200.7 0.18
29 237.55 320.65 G-YE-S :T-pH-P 20.04 1 3213.0 2.88 5
30 278.85 67.75 pH-S 4.23 1 143.4 0.13
31 268.52 9,81 T-S 0.61 1 3.0 0.00
32 154.92 -511.51 S -31.97 1 8Î85.O 7.34 3
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TABLE 4.17; RESULTS OF E-TESTS ON MAIN EFFECTS AND INTERACTIONS AS DERIVED
BY YATES METHOD ON THE YIELD IN nM0L?r450 PER LITRE
NO YIELD TOTAIS IDENTIFICATION FACTORIAL
EFFECT
d.f. s2 s2# F-TEST 1 
VERDICT
1 43.96 4911.21 (GT) 1
2 76.92 -671.23 T -41.95 1 14079.68 12.62 1
3 43.96 -297.59 Si —18.60 1 2767.49 2.48 5
4 76.92 -121.75 SÎ-T -7.61 1 463.22 6.42 3
5 87.91 649.25 G 40.58 1 13172.67 11.81 1
6 IO9.89 -97.99 T-G -6.12 1 300.06 O.27
7 87.91 55.85 pH-G 3.49 1 97-48 O.09
8 IO9.89 -119.99 T - jH -G ; YE-P-S -7.50 1 449.93 0.40
9 263.74 2055.87 YE 128.49 1 132081.30 118.43 1
10 197.80 -713.37 T-YE -#.59 1 , 15903.02 14.26 1
11 285.71 -339.77 pH-YE -21.24 1 3607.61 3.23
12 131.87 II.9I T-pH-YE ;G-P-5 0.74 1 4.43 0.00
13 329.67 -11.89 G-YE -O.74 1 4.42 0.00
14 142.86 -55.85 T-G-YE ;pH-P-S -3.49 1 97.48 0.09
15 274.73 10.11 pH-G-YE :T-P-S 0.63 1 3.19 0.00
16 153.85 -165.73 P-S -IO.36 1 858.33 -0.77
17 76.92 77.83 P 4.86 1 189.30 0.17
18 76.92 165.75 T-P IO.36 1 858.53 0.77
19 98.90 -II9.97 pH-P -7.50 1 449.78 0.40
20 54,95 -76.01 T-pH-PsYE-G-S -4.75 1 180.55 O.I6
21 120.88 295.79 G-P 18.49 1 2734.12 2.45 5
22 IO9.89 119.95 T-G-P :pH-YE-S 4.50 1 449.63 0.40
23 142.86 54.03 iH-G-PiT-YE-S 3.38 1 91.23 0.08
24 109.89 -429.45 YE-S -26.84 1 5763.35 5.17 4
25 263.74 -231.67 YE-P -14.48 1 1677.22 1.50
26 153.85 559.53 T-YE-P:pH-G-S 34.97 1 9783.56 8.77 2
27 131.87 -IO5.75 IH-YE-P :T-G-S -10.36 1 858.53 0.77
28 153.85 54.05 G-S 3.38 1 91.29 0.08
29 252.75 253.61 G-YE-PîT-pH-S 15.85 1 2009.94 1.80 5
30 296.70 77.85 pH-S 4.87 1 189.39 O.I7
31 285.71 11.89 T-S 0.74 1 4.42 0.00
32 164.84 -471.59 S -29.47 1 6449.91 6.23 3
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TABLE 4.18: RESULTS OF F-TESTS ON MAIN EFFECTS AND INTERACTIONS AS DERIVED BY
YATES METHOD ON THE YIELD nMOL P-450 PER GRAMME DRY WEIGHT OF YEAST
NO YIELD TOTALS IDENTIFICATION FACTORIAL
EPFECT
d.f s2 S2 / 2
'tr
F-TEST
VERDICT
1 6.93 475.02 (GT) 1
2 16.87 -16.22 T -1.01 1 8.22 1.97 5
3 7.79 19.18 # 1.20 1 II.50 2.76 5
4 12.41 -17.18 T-ÏH -I.07 1 9.22 2.21 5
5 11.66 17.06 G 1.07 1 9.10 2.21 5
6 12.32 -17.66 T-G -1.10 1 9.75 2.34 5
7 12.63 9.50 pH-G 0.59 1 2.82 0.68
8 13.47 3.94 T-pH-G :P-YE-S 0.25 1 0.49 0.12
9 20.19 118.06 YE 7.38 1 435.57 104.45 . 1
10 22.22 36.78 T-YE 2.30 1 42.27 10.14 2
11 23.93 -I7.98 IH-YE -1.12 1 10.10 2.42 5
12 16.95 13.94 T-pH-YE :G-P-S O.87 1 6.07 1.46
13 23.79 -15.82 G-YE -O.99 1 7.82 1.88 5
14 13.15- . 6.82 T-G -YE.: P-pH -S 0,43 . 1 1.45 0.35
15 18.95 -6.74 iH-G-YE :T-P-S -0.42 1' 1.42 0.34
16 14.62 -18.22 P-S -1.14 1 10.37 2.49 5
17 8.27 -2O.74 P -I.30 1 13.44 3.22 5
18 10.62 -8.5O T-P -O.53 1 2.26 O.54
19 II.89 -6.42 pH-P -0.40 1 1.29 O.31
20 6.24 -I.50 T-pH-P :G-YE-S -0.09 1 O.O7 0.02
21 11.45 30.46 G-P 1.90 1 28.99 6.95 3
22 11.42 28.50 • T-G-P :pH-YE-S 1.78 1 25.38 6.09 3
23 13.48 1.74 pH-G-P :T-YE-S 0.11 1 0.09 0.02
24 11.03 -37.70 YE-S -2.36 1 44.42 10.65 2
25 22.62 -1.38 YE-P -0.07 1 0.06 0.01
26 13.94 35.18 T-YE-P :pH-G-S 2.20 1 38.68 9.28 2
27 12.51 -11.14 pH-YE-P :T-G-S -O.7O 1 3.88 0.93
28 15.60 9.06 G-S 0.57 1 2.57 0.62
29 18.40 21.90 G-YE-P:T-pH-S 1.37 1 14.99 3.59 4
30 23.25 0.74 pH-S 0.05 1 0.02 0.00
31 21.13 8.38 T-S 0.52 1 2.19 0.53
32 15.29 -37.86 S -2.37 1 44.79 10.74 2
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TABLE 4.19 : RESULTS OF F-TEST ON MAIN EFFECTS AND INTERACTIONS AS DERIVED BY
YATES METHOD ON THE YIELD IN GRAMME DRY WEIGHT OF YEAST PER LITRE
NO YIELD TOTALS
1 6.34 314.04
2 4.56 -22.12
3 5.64 -5.88
4 6.20 2.20
5 7.54 31.68
6 8.92 2.72
7 6.96 0.16
8 8.16 -7.44
9 13.06 56.60
10 8.90 -I8.52
11 11.94 -7.OO
12 7.78 —7.80
13 13.86 —O.16
14 10.86 -4.88
15 14.50 5.12
16 IO.52 2.08
17 9.30 22.56
18 7.24 5.76
19 8.32 -1.20
20 8.80 -O.I6
21 IO.56 -2.12
22 9.62 -7.56
23 10.60 -O.36
24 9.96 -0.44
25 11.66 -17.60
26 11.04 14.80
27 10.54 -3.92
28 9.86 -I.52
29 13.74 1.40
30 12.76 0.04
31 13.52 -4.52
32 IO.78 -1.00
IDENTIFICATION FACTORIAL
EFFECT
d.f s2 - S % 2 F-TEST
VERDICT
-1.38
1
1 I5.29 ?17.18 1
-O.37 1 1.08 1.21
o.i4 1 0.15 0.17
1.98 1 31.36 35.24 1
0.17 1 0.23 0.26
0.01 1 0.00 0.00
-0.47 1 1.73 1.94 5
3.54 1 100.11 112.48 1
-1.16 1 10.72 12.04 1
-0.44 1 1.53 I.72 5
-O.49 1 1.90 2.13 5
-0.01 1 0.00 0.00
-O.31 1. 0.74 0.83
O.32 1 0.82 O.92
O.13 1 0.14 0.16
1.41 1 15.90 17.87 1
0.36 1 1.04 1.17
-0.08 1 0.05 0.06
-0.01 1 0.00 0.00
-O.13 1 0.14 0.16
-O.47 1 1.79 2.01 5
-0.02 1 0.00 0.00
-O.O3 1 0.01 0.01
-1.10 1 9.68 10.88 2
0.93 1 6.85 7.70 2
-O.25 1 0.49 0.55
-0.10 1 0.07 0.08
0.09 1 0.06 0.07
0.00 1 0.00 0.00
-0.28 1 0.64 0.72
—0.06 1 0.03 0.03
(GT)
T
pH
T-pH
G
T-G
pH-G
T-pH-G :P-YE-S
YE
T-YE
pH-YE
T-pH-YE :G-P-S
G-YE
T-G-YE
pH-G-YEjT-P-S
P-S
P
T-P
pH-P
T-pH-P 2G-YE-S 
G-P
T-G-P: pH-YE-S
pH-G-P:T-YE-S
YE-S
YE-P
T-YE-P: pH-G-S 
pH-YE-P:T-G~S 
G-S
G-YE-P ;T-G-S
pH-S
T-S
S
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TABUS 4.20* THE X-MATRIX AND THE YIELDS .EXPRESSED IN VARIOUS WAYS,OF THE SECOND EXPERIMENT
NO X0 X1 x2 *3 x4 X, x6
P-450
nmol/unit 
cost
P-450
nmol/l
P-450 
nmol/g dry
YEAST 
g dry/l
1 1 69.78 43.96 6.93 6.34
2 1 1 1 122.10 76.92 16.87 4.56
3 1 1 1 69.78 43.96 7-79 5.64
4 1 1 122.10 76.92 12.41 6 .20
5 1 1 1 130.24 87.91 11.66 7.54
6 1 1 162.80 IO9.89 12.32 8.92
7 1 1 130.24 87.91 12.63 6 .96
8 1 1 1 1 162.80 IO9.89 13.47 8.16
9 1 1 1 354.97 263.74 20.19 13.06
10 1 1 266.22 197.80 22.22 8 .90
11 1 1 1 384.54 285.71 23.93 11.94
12 1 1 1 1 1 177.48 131.87 16.95 7.78
13 1 1 1 419.43 329.67 23.79 13.86
14 1 1 1 1 1 I8I.76 142.86 13.15 10.86
15 1 1 1 1 1 349.53 274.73 18.95 14.50
16 1 1 1 1 1 195.74 153.85 14.62 IO.52
17 1 1 1 84.62 76.92 8.27 9.30
18 1 1 1 84.62 76.92 10.62 7.24
19 1 1 1 108.80 98.90 11.89 8.32
20 1 1 1 1 60.45 54.95 6.24 8 .80
21 .1 1 1 126.97 120.88 11.45 10.56
22 1 1 1 1 1 115.43 IO9.89 11.42 9.62
23 1 1 1 1 1 150.06 142.86 13.48 10.60
24 1 1 1 1 1 115.43 109.89 11.03 9.96
25 1 1 258.32 263.74 22.62 11.66
26 1 1 1 1 1 150.69 153.85 13.94 11.04
27 1 1 1 1 1 129.16 131.87 12.51 10.54
28 1 1 1 1 1 150.69 153.85 15.60 9.86
29 1 1 1 1 1 237.55 252.75 18.40 13.74
30 1 1 1 1 -1 278.85 296.70 23.25 12.76
31 1 1 1 1 1 -1 268.52 285.71 21.13 13.52
32 1 1 1 1 1 1 1 154.92 164.84 15.29 10.78
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TABLE 4.21 : COLUMN MATRIX (iy) AND SOLUTIONS FOR THE COEFFICIENTS OF THE 
LINEAR EQUATIONS FOR THE YIELD OF CYTOCHROME P-450 IN 
nMOL PER UNIT COST
(iy) IDENTIFICATION (CyKiy) = COEFFICIENTS
5774.59 (GT) 180.46 *0
-770.43 T -24.08 V
-314.11 PH -9.82
*2
585.95 G 18.31
*3
2142.15 YE 66.94
-824.43 P -25.76
b5
-5II.5I S -15.98 *6
TABLE 4.22 : COLUMN MATRIX (iy) AND SOLUTIONS FOR THE COEFFICIENTS OF THE
LINEAR EQUATIONS FOR THE YIELD OF CYTOCHROME P-450 PER LITRE
(iy) IDENTIFICATION (CijXiy) = COEFFICIENTS
4911.21 (GT) 153*48 b0
-671.23 T -20.98
h
-297.59 pH -9.30
649.25 G 20.29
b3
2055.87 YE 64.25
77.83 P 2.43
-471.59 S -14.74
b6
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TABLE 4.23 : COLUMN MATRIX (iy) .AND SOLUTIONS FOR THE COEFFICIENTS OF THE 
LINEAR EQUATION FOR THE YIELD OF CYTOCHROME P-4$0 IN nMOL 
PER GRAMME DRY WEIGHT OF YEAST
(iy) IDENTIFICATION (Gij)(iy) = COEFFICIENTS
475.02 (GT) 14.84
*0
-16.22 T -O.51 h
-19.18 ïH -O.60
17.06 G 0.53 h
118.06 YE 3.69
-20.74 P -O.65
h5
-37.86 S -1.18
TABLE 4.24 : COLUMN MATRIX (iy) AND SOLUTIONS FOR THE COEFFICIENTS OF THE 
LINEAR EQUATION FOR THE YIELD IN GRAMME DRY WEIGHT OF YEAST 
PER LITRE
(iy) IDENTIFICATION (Gij)(iy) = COEFFICIENTS
314.04 (GT) 9.81 *0
-22.12 T -O.69 *1
-5.88 pH -0.18 b2
31.68 G 0.99 b3
56.60 YE 1.77 b4
22.56 P 0.71
b5
1.00 S -O.O3 b6
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TABLE 4.25î PREDICTION OF THE YIELD H  nMOL OF CYTOCHROME P-^O PER UNIT
COST BY THE LINEAR EQUATION
NO ACTUAL YIELD PREDICTED YIELD SQUARED ERROR STATISTICAL
1 69.78 170.82 IO209.O8 QUANTITIES VALUES
2 122.10 90.70 985.96
3 69.78 II9.22 2444.31 SUM OF SQUARED
4 122.10 103.02 364.05 ERROR 79126.34
5 130.24 175.48 2046.66
6 162.80 159.28 12.39 MEAN SQUARED
7 130.24 I87.80 3313.15 ERROR 3165.05
8 162.80 107.68 3038.21
9 354.97 272.80 6751.91 ROOT MEAN
10 266.22 256.60 92.54 SQUARED ERROR 56.26
11 384.54 285.12 9884.34
12 177.48 202.00 601.23 MEAN SQUARED
13 419.43 341.38 6091.80 EXPTL.ERROR 1115.23
14 181.76 261.26 6320.25
15 349.53 289.78 3570.06 M.S.ERROR
16 195.74 273.58 6059.07 M.S.EXPTL.ERROR , 2.84
17 84.62 87.34 7.40 F-TEST 4
18 84.62 67.14 305.55
19 108.80 99*66 83.54 M.S.ERROR •-
20 60.45 19.54 1673.63 M.S.OF OLD 11.59
21 126.97 155.92 838.10 EXPTL. ERROR
22 II5.43 75.80 1570.54 F-TEST 1
23
24
150.06
115.43
104.32
88.12
2092.15
745.84 COEFFICIENTS OF THE
25 258.32 253.24 25.81 LINEAR EQUATION
26 150.69 173.12 503.10 bo 180.46
27 129.16 201.64 5253.35 bl -24.08
28 150.69 185.44 1207.56 b2 -9.82
29 237.55 257.90 414.12 b3
I8.3I
30 278.85 241.70 1380.12 b4 66.94
31 268.52 270.22 2.89 b5 -25.76
32 154.92 190.10 1237.63 V -15.98
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TABLE 4.26: PREDICTION OF THE YIELD IN nMOL OF CYTOCHROME P-450 PER
LITRE BY THE LINEAR EQUATION
NO ACTUAL YIELD PREDICTED YIELD SQUARED ERROR STATISTICAL VALUES
1 43.96 111.53 4565.70 QUANTITIES
2 76.92 . 69.57 54.02 SUM OF
3 43.96 63.45 379.86 SQUARED ERROR 43957.49
4 76.92 50.97 673.40
5 87.91 122.63 1205.48 MEAN SQUARED
6 IO9.89 IIO.15 0.07 ERROR 1758.30
7 87.91 133.51 2079.36
8 IO9.89 62.07 2286.75 R.M.S.ERROR 41.93
9 263.74 210.55 2829.18
10 197.80 198.07 0.07 MEAN SQUARED
11 285.71 . 221.43 4131.92 EXPTL.ERROR 2020.88
12 131.87 149.99 328.33
13 329.67 280.61 2406.88 M.S.ERROR 0.87
14 142.86 209.17 4397.02 M.S.EXPTL ERROR
15 247.73 232.53 231.04 F-TEST -
16 153.85 220.05 4382.44
17 76.92 86.91 99.80 M.S.ERROR
18 76.92 74.43 6.20 M.S.OF OLD 4.85
19 98.90 97.79 1.23 EXPTL.ERROR
20 54.95 26.35 817.96 F-TEST 2
21 120.88 156.97
85.53
1302.49
593.4122 IO9.89 COEFFICIENTS OF THE
23 142.86 IO8.89 H 53.96 LINEAR EQUATION
24 IO9.89 96.41 181.71 b0 153.48
25 263.74 244.89 355.32 h -20.98
26 153.85 168.59 217.27 b2 -9.30
27 131.87 196.81 4217.20 b3 20.29
28 153.85 184.33 929.03 b 64.25
29 252.75 255.99 10.50 b5 2.43
30 296.70 . 243.51 2829.18 b -14.74
31 285.71 266.87 354.95
32 164.84 195.43 935.75
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TABLE 4.2?: PREDICTION OF THE YIELD IN nMOL OF CYTOCHROME P-450 PER 
_________  GRAMME DRY WEIGHT OF YEAST BY THE LINEAR EQUATION______
NO ACTUAL YIELD PREDICTED YIELD SQUARED ERROR STATISTICAL ‘ VALUES
1 6.93 13.56 43.96 QUANTITIES
2 16.87 10.18 44.76 sum of squared
3 7.79 10.00 4.88 error 241.66
4 12.41 11.34 1.14
5 11.66 11.20 0.21 mean squared
6 12.32 13.60 1.64 error 9.67
7 12.63 13.42 0.62
8 13.47 10.04 11.76 R.M.S.error 3.11
9 20.19 I8.58 2.59
10 22.22 19.92 5.29 mean squared
11 23.93 19.74 17.56 exptl.error 4.17
12 16.95 16.36 0.35
13 23.79 22.00 3.20 m.s.error
2.3214 13.15 15.62 6.10 m.s.exptl error
15 18.95 18.44 0.26 F-TEST 5
16 14.62 19.78 26.63
17 8.27 9.90 2.66 m.s.error
18 10.62 11.24 0.38 m.s. : .. of old 1.79
19 11.89 12.24 0.12 exptl.error
20 6.24 7.68 2.07 F-TEST 5
21 11.45
11.42
13.32
9.94
3.50
2.1922 COEFFICIENTS OF THE
23 13.48 9.76 13.84 LINEAR EQUATION
24 11.03 11.10 0.00 b0 14.84
25 22.62 19.64 8.88 -O.51
26 13.94 l6.l6 4.93 h -0.60
27 12.51 16.08 12.74
*3 0.53
28 15.60 17.42 3.31 3.69
29 18.40 18.34 0.00 b5 -O.65
30 23,25 19.68 12.74 b6 -1.18
31 21.13 19.50 2.66
32 15.29 16.12 O.69
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TABLE 4.28: PREDICTION OF THE YIELD IN GRAMME DRY WEIGHT OF YEAST PER
LITRE BY THE LINEAR EQUATION
NO ACTUAL YIELD PREDICTED YIELD SQUARED ERROR
1 6.34 7-24 0.81
2 4.56 5.80 I.54
3 5-64 6.82 1.39
4 6.20 5.50 0.49
5 7.54 9.16 2.62
6 8.92 7-84 1.17
7 6.96 8.86 3.61
8 8.16 7.42 0.55
9 13.06 IO.72 5-48
10 8.90 9-40 O.25
11 11.94 12.40 0.21
12 7.78 8.98 1.44
13 13.86 12.76 1.21
14 10.86 11.38 0.27
15 14.50 12.34 4.67
16 IO.52 11.02 0.25
17 9.30 8.6O 0.49
18 7-24 7-28 0.00
19 8.32 8.30 0.00
20 8.80 6.86 3.76
21 IO.56 10.64 0.01
22 9.62 9.20 0.16
23 10.60 10.28 0.10
24 9.96 8.9O 1.12
25 11.66 12.20 0.08
26 11.04 IO.76 0.08
27 IO.54 11.78 1.54
28 9.86 8.90 0.92
29 13.74 14.12 0.14
30 12.76 12.80 0.00
31 13.52 13.82 0.09
32 IO.78 12.38 2.56
STATISTICAL
QUANTITIES
VALUES
sum of squared 
error 37.01
mean squared 
error 1.48
R.M.S.error 1.22
mean squared 
exptl.error O.89
m.s.error 1.66
m.s.exptl error 
F-TEST 5
m.s.error 
m.s.of old 
exptl.error 
F-TEST
0.61
COEFFICIENTS OF THE 
LINEAR EQUATION
b0 9.81
bl -O.69
t. -0.18
b3 0.99
1.77
0.71
b6 -O.O3
8-38
TA
BL
E 
4.
29
 
: 
CO
MP
LE
ME
NT
AR
Y 
PO
IN
TS
 
US
ED
 
TO 
MA
KE
 
TH
E 
CO
MP
OS
IT
E 
DE
SI
GN
 
AN
D 
TH
E 
RE
SU
LT
S 
OB
TA
IN
ED
BI
OM
AS
S
g 
dr
y/
1
3  %  a 3  $  %  3 , s g %  3  &
Ov Ox CX2 O X 0O v n  o  C\J r x  O  CX2 0  
H  H  H  H  H  1—1 f—1 H
?
8
0
g
1
W)
|
vqrN^xo in- vo c v i H o o o o v oH  O  CO VO CO VO O  IN- C°\ C\J C\]
CO IN- VO 00 CV2 i n  VO N  CV1 00 IN- H  
H  H  H  H  1—1 H  H  H
•H t 
t i  O 
P  O
i
â S  85 8 S  g.
&  &  S' &  %  &  %, 3  3
CVj i- H C V J H  H  m  H  CVI H
1—i 
|
s
$
în co h h cn in o \  ox cm h
CO Ox ox  OX OV ox  CO 00 CO CO Ox 
H  h  1—1 h  H
s
5
CM c n  H  CM OX H  VO in 0  OX CO 
CO Ox OX CO CO Ox Ox CO CO CO IN- CO
in in in ox  in- cn c n  j in- go d vo co ■ in- 0 co in vo 0x0 CM 
H  H  H  H  H  H  CM H
5
VOCVJ
v o  co co IN- v o  v o  c n  vo  ox c n  c n  vo
ox Ox Ox CO ox  ox  o x  Ox CO OxOxOx
P  d û
S
P r
c n  co  ox co  vo  ox  co Ox Ox Ox Ox ox Ox ox
0 0 d P d  S d  0  p  0  3  d
CO
VO
X
CO 00
0 0 0 0 0 0 0 0 0 0 ^ ^CM CM
P4
I T
X
CO 00cn cn
0 0 0 0 0  0 0 0  • .  0  0CM
H
CO CO 
c n  c n0 0 0 0 0 0  • • 0 0 0 0CM CM
Ü
CO CO
c n  c n
0 0 0 0  • • 0 0 0 0 0 0CM CM
a X ^
CO CO
c n  c n
0 0 cmcm0 0 0 0 0 o o °
E-4 xH
CO CO
c n  c n• * 0 0 0 0 0 0 0 0 0 0CM CM
§ P P S P S P S P ^ ^ ^ S !
8-39
TABLE 4.30 : LEVELS OF THE EXPERIMENTAL VARIABLES IN THE COMPLEMENTARY
EXPERIMENTS TO MAKE THE COMPOSITE DESIGN
VARIABLE
VALUES OF
UNITS-2.38 2.38
T 23.50 29.50 °c
IH 4.70 5.90 pH units
G 62.30 171.70 s/1
YE 0 .5 0 19.50 s/1
P 5.90 20.10 s/1
S 0 .5 0 2.00 s/1
TABLE 4.31 ; FORMULAE FOR THE CALCULATION OF REGRESSION COEFFICIENTS
OF THE QUADRATIC EQUATION FOR A HALF-RE PLICATE 2^  FACTORIAL 
PLUS STAR DESIGN AND NINE POINTS CENTRE AS GIVEN BY 
COCHRAN AND COX, 1957.
COEFFICIENTS FORMULAE
b0 0.IIO749(Oy) - 0.018738 (xiy)
bi 0.023087(iy)
bii 0.015625(iiy) + 0.001217 (iiy) - 0.0l8738(0y)
0.03i25(ljy)
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TABLE 4.32: THE SUM OF PRODUCTS OF COLUMNS OF THE X-MATRIX AND THE
Y COLUMN MATRIX AND THE CALCULATED REGRESSION COEFFICIENTS 
FOR THE YIELD IN nMOL OF CYTOCHROME P-4^ O PER UNIT COST
NO SUM OF PRODUCTS REGRESSION COEFFICIENTS
1 °y 10657.71 . 323.76
2 iy -1078.95 -24.9I
3 2y -67.29 -I .55
4 3y 490.47 h 11.32
5 4y 2295.80 \ 53-00
6 5y -1177.61 b5 -27.I9
7 6y -758.32 17.51
8 H y 7388.64 hi -28.62
9 22y 7535.39 \z 26.33
10 33y 7108.89 b33 -32.99
11 44y 7184.55 -31.81
12 55y 8519.98 hs -10.95
13 66y 7975.69 h 6 -19.45
14 12y -131.61 -4 .11
15 I3y -119.19 h 3 -3.72
16 23y ' -474.51 ^23 - 14.83
17 l4y -920.91 ^14 -28.78
18 24y -360.31 ^24 11.26
19 34y -157.49 t)34 -4.92
20% i5y 264.59 ^15 8.27
21 25y -83.93 ^25 -2.62
22 35y 254.81 b35 7.96
23 45y -577.51 b45 -18.05
24 l6y 9,87 *16 -O.31
25 26y -464.69 *26 -14.52
26 36y 334.07 *36 10.4 4 '
27 46y -460.99 *46 - 14.41
28 5&y -107.13 b56 -3.35
8 - 4 1
TABLE 4.33; THE SUMS OF PRODUCTS OF COLUMNS OF THE X-MATRIX AND Y-MATRIX 
AND THE CALCULATED REGRESSION COEFFICIENTS OF THE QUADRATIC 
EQUATION FOR THE YIELD IN nMOL OF CYTOCHROME P-4$0 PER LITRE
NO SUM OF PRODUCTS REGRESSION GOEFFICIEHTS
1 Oy 9010.89 ■ V 274.53
2 iy -931.65 ■ h -21.51
3 2y -87.64 -2.02
4 3y 596.08 b 13.76
5 4y 2002.30 46.23
6 5y 155.31 "5 3.59
7 6y -583.63 4 -13.47
8 H y 6279 .ll hi -23.75
9 22y 6403.41 t,22 -21.81
10 33y 6030.57 l333 -27.63
11 44y 6154.87 ^44 -25.69
12 55y 6962.74 b55 -13.07
13 66y 6776.29 % -15.9.8
14 I2y -120.85 -3.76
15 I3y -98.89 bl 3 -3.09
16 23y -516.47 b23 - 16.14
17 l4y - 714.29 ^14 -22.32
18 24y -340.67 ^24 -IO.65
19 34y -10.99 b34 -O.34
20 15y 164.85 5.15
21 25y -120.87 b25 - 3.78
22 35y 296.69 hs 9.27
23 45y - 230.77 -7.21
24 l6y 10.99 h6 O.34
25 26y -318.65 *26 -9.96
26 3&y 296.71 b36 9.27
27 46y - 398.55 - 12.45
28 5&y -164.84 b56 -5.15
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TABLE 4.34: THE SUMS OF PRODUCTS OF THE COLUMNS OF THE X-MATRIX AND THE 
Y-MATRIX AND THE CALCULATED REGRESSION COEFFICIENTS OF THE 
QUADRATIC EQUATION FOR THE YIELD IN nMOL OF CYTOCHROME P-450 PER 
GRAMME DRY WEIGHT OF YEAST
NO SUM 01? PRODUCTS REGRESSION COEFFICIENTS
1 Oy 788.38 b0 18.32
2 iy -42.69 V -O.99
3 2y 8.90 *2 0.21
4 3y -O.O9 b 0.00
5 4y 133.97 V 3 .0 9
6 5y —6.28 -0.14
7 • -51.99 b6 -1.20
8 iiy 617.47 ^11 -0.64
9 22y 619.28 ^22 -O.6I
10 33y 579.81 3^3 -I.23
11 44y 58O.94 b44 -1.21
12 55y 648.52
b55 -O.I6
13 66y 635.96 *66 -0.35
14 I2y -34.13 *12 -I.07
15 I3y -17.66 *13 -O.55
16 23y -32.76 b23 -1.02
17 l4y -3 6 .7 8
*14 -I.I5
18 24y -17.98 *24 -O.56
19 3 % -15.82 *34 -O.49
20 15y -8.50 *15 -O.27
21 25y -6.42 *25 —0.20
22 35y 30.46 *35 0.95
23 45y -1.38
*45 -0.04
24 l6y 8 .3 8 *16 0.26
25 26y -4 3 .7 0 *26 - -1.37
26 36y 31 .96 *36 1.00
27 46y -37.72 *46 -1.18
28 56y -18.22
_ *56
-O.57
8 - 4 3
TABLE 4.35: THE SUMS OF PRODUCTS OF THE COLUMN OF THE X-MATRIX AND THE 
Y-MATRIX AND THE CALCULATED REGRESSION COEFFICIENTS OF THE 
QUADRATIC EQUATION FOR THE YIELD OF DRY HEIGHT OF YEAST IN 
GRAMME PER LITRE
NO SUMS OF PRODUCTS REGRESSION COEFFICIENTS
1 °y 584.28 V 15.05
2 ly -22.83 -O.53
3 2y -14.01 *2 -O.32
4 3y 48.28 b
1.11
5 4y 59-31 V 1.37
6 5y 16.28 b
O.38
7 6y -4,33 b -0.10
8 i i y 421.82 bll -I.I3
9 22y 439.92 b22 -O.85
10 33y 450.10 b33 -O.69
11 44y 444.44 b44 -O.78
12 55y 450.66 b55
-0.68 -
13 66y 443.43 b66 -O.79
14 I2y 2.20 b12 0.07
15 I3y 2.72 bl3
0.09
16 23y -26.88 b23 -0.84
17 l4y -I8.52 bl4 -O.58
18 24y -7 .OO b24 -0.22
19 34y -O.16 b34 -0.01 .
20 15y 5.76 b15
0.18
21 25y -1.20 b25 -0.04
22 35y -2.12 b35 -O.O7
23 45y -I7.6O b45 -O.55
24 l6y -4.5O bl6 -0.14
25 26y -17.76 b26 -0.56
26 36y 19.60 b36 0.61
27 46y -0.44 b46 —0.01
28 56y 2.08 b56 0.07
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TABLE 4.36: FORMULAE FOR THE CALCULATION OF STATISTICAL QUANTITIES 
ADAPTED FROM COCHRAN AND COX (1957) FOR THE QUADRATIC 
RESPONSE FUNCTION
SUM OF SQUARES (S.S) d.f.
FIRST ORDER TERMS
6
2- \  (iy) 
i=i 1
k=6
SECOND ORDER TERMS
6
%0 (Oy) + S  ^(i i y )  (ijy)
2 1=1 i<j
- G /N
where
N = Total no. of experiments = 53
k(k+l) = 21 
2
LACK OF FIT 
(VARIANCE)
2.(yu  -
where
Y is the actual yield
AU
Yu is the predicted yield
n^ is the no. of points on the 
circumference = 44
no - %(k+3)
" . 2 
= 17
EXPERIMENTAL
ERROR
1 (*lu-*l)2
where
are the responses at centre 
point and
Y^ is the mean response
H3
 
. 
1 H II CO
TOTAL k  s  - g2a
u=l u
where
G is the grand total
is the no. of replications 
of centre point.
*1 + %2 "I
= 5 3 - 1  
= 52
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TABLE 4.41 : OPTIMUM POINT COORDINATES FOR THE YIELD OF CYTOCHROME
P-450 IN nMOL PER UNIT COST
VARIABLE DIMENSIONLESS VALUE LEVEL UNITS
T - 1.41 24.38 °c
m 0.16 5.25 IH units
G -O.O3 116.90 s/1
YE 1.73 16.90 g/1
‘ P -0.88 10.40 s/1
S -O.34 0.90 g/1
PREDICTED MAXIMUM YIELD = 395.08 nmol/unit cost
TABLE 4.42 OPTIMUM -POINT COORDINATES FOR THE- YIELD OF CYTOCHROME
P-450 IN nMOL PER LITRE
VARIABLE DIMENSIONLESS VALUE LEVEL UNITS
T -I.34 24.48 °c
5i -O.I6 5.25 pH units
G 0.13 120.10 g/1
YE 1.81 I7 .2O g/1
P -O.36 II.9O g/1
S -O.99 0.60 g/1
PREDICTED MAXIMUM YIELD = 321.46 nmol per litre
8-48
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TABLE 4.452 OPTIMUM POINT COORDINATES FOR THE YIELD OF YEAST IN
GRAMME DRY WEIGHT PER LITRE
VARIABLE DIMENSIONLESS VALUE LEVEL UNITS
T 0.025 26.54 °c
m 0.455 5.44 pH units
G 1.828 159.00 a / i
YE 0.234 10.9 g/i
P -0.010 13.0 g/i
S -O.I78 0.8 g/i
PREDICTED MAXIMUM YIELD = 15.41 g dry weight per litre
ÎAÈLE 4.46 : OPTIMUM 'FÔINT COORDINATES FOR THÉ YIELD OF CYTOGHRcA
P-450 I# nMOL PER GRAMME DRY WEÏ&HT OF YEAST
VARIABLE DIMENSIONLESS VALUE LEVEL UNITS
T 0.23 26.85 °C
m  - -Î-37 • 4.89 pH units
G -O.O6 115.60 g/l
YE 0.97 13.89 g/1
P -2 .16 6.52 g/1
S 1.14 1.46 g/1
PREDICTED MAXIMUM YIELD = 17-75 nmol/g dry weight
8-50
TA
BL
E 
4.
4?
 
: 
EX
PE
RI
ME
NT
AL
 
RE
SU
LT
S 
OF 
TH
E 
PO
IN
T 
OF 
PR
ED
IC
TE
D 
MA
XI
MU
M 
YI
EL
D 
OF 
YE
AS
T 
IN 
G.
 
DR
Y 
WE
IG
HT
 
PE
R 
LI
TR
E E3
a bû
I
hO
moo
I
o
o
S
$
S
s
s
%
CO
Pi
§
cn
rH
%
a
o
CVJ
»
Ox
rH
3
<T\ 1—I
i
§
m
É
s
g
CO
o
S
Ov
d
d\
%
00D-
à
CVJ
vo$>-
I
COO-
à
CVJ
CO
d
cnrH
OV
O 1—I
$
vV
CVJ
VO
s?
$
COJN-
dvI—I 
CVI
£
u IN- in 0
A CO CO CO
a
rH
cn Ü &
1— 1 1— 1 1— 1
IH CO cn COov OV ov
vo H in 1— 1
1— 1 CVI vo CVI
CO
o
cn
rH
Ov
O
$
-d-
d\
vn vn vn
«
cn
&
a
«
a
%
$
CVJ
R
S
CVI
ty
!
s
i
O
g
B
s
!a
Pi
s
Hs
ë
COI
a
§
CO
§
I
Pi
§
I
h O
i
bO
5 t i n i n 1— 1 IN-
3 0 C O 0 c n C O
3 0
O v O v N - CVI
1— ! H r H < n OV
O -d" CVJ CVI CVI
I—1
s
t?*,
â
s
CO
Pi
o
K
§
â
a
vo vo
CVJ vo
H cvj
s
5
$
ov
CO
CVJ
3
00
IN-
à
cvj
§
o
a
5t
£r
CO
IN-
OV
a
»
Ovs
»
a
»I—I
&
9
Ov
C O
I
&
3
&
9
s
i
i n CO O
u CS- 0 0 Ov
c
CV1 : O 0 0
ov i n CVI OV
CVI CVJ rH
0 O Ovu CO Ov Ov
£1
IN 0 0 Ov
v o OV Ov O
cvj 1—1 H
S
r H
.s 5
rH 1—I
%
VO
% %
VO VO
Ov Ov
Ov
CO
CO CO
on
cn cn
1— 1 1— 1
VO vo
in
rH
in
H
vo
in
d
OvCO S' £
d
i n i n i n
C O C O C O
v o v o v o
CVJ CVJ CVI
cvj cn
%
s
in
IN-
5
S'
in
5
8-51
TABLE 4 .4 9 : COEFFICIENTS OF THE CANONICAL FORM FOR THE YIELD IN
nMOL OF CYTOCHROME P-450 PER UNIT COST
COEFFICIENT VALUE
•X* -47.92
X 2 -34.88
A 3 -28.97
A * -20.38
A s -10.62
A & -7.38
TABLE 4.50: PARAMETERS OF THE PRINCIPAL AXES OF THE CANONICAL FORM 
  ' FOR THE" YIELD IN nMOL OF CYTOCHROME P-450 PER UNIT COST
PRINCIPAL
AXIS
T pH G YE P s
X1 X2 X3 X4 X5 x6
F1 -O.35 0.72 -0.04 -O.O5
-0.60
F2 0.32 0.42 -0.34 -O.47 0.71 -0.08
F3
-O.I7 0.01 -0.22 0.35 0.19 -O.47
f4
0.40 O.78 0.22 0.32 -0.33 -0.08
F5
-0.07 0.04 0.25 0.72 0.59 0.01
f6 0.62 -O.3I -0.46 0.18 -0.01 0.64
8-52
TABLE if. 5 1 : COEFFICIENTS OF THE CANONICAL FORM FOR THE YIELD .
IN CYTOCHROME P-450 PER LITRE
COEFFICIENT VALUE
A, 4 0 .0 6
«*•2 -33.02
A3 - 24.22
4 -12.67
a 5 - 10.84
-7 .H
TABLE 4.52: PARAMETERS OF THE PRINCIPAL AXES OF THE CANONICAL FORM 
FOR THE YIELD IN nMOL OF CYTOCHROME P-450 PER LITRE
PRINCIPAL
AXIS
T PH G YE P S
X1 X2 X3 x4 X5 x6
Fi 0.52 0.36 0.62 -O.O9 -0.39 -0.27
F2 0.67 -O.39 0.04 -O.3O 0.51 0.24
F3
0.25 -O.33 0.01 0.83 0.30 0.23
F4 0.05 0.54 -O.33 -O.25 0.4? -0.55
F5
0.21 0.47 -0.44 -O.29 -0.33 0.59
f6 0.42 -O.3I -O.57 0.28 -0.40 -0.41
8-53
TABLE if.5 3 : COEFFICIENTS OF THE CANONICAL FORM FOR THE YIELD IN
nMOL OF CYTOCHROME P-4-50 PER GRAMME DRY WEIGHT OF YEAST
COEFFICIENT VALUE
A, -2.23
A z -I.67
A* 0.73
A* -0.68
Ag -0.48
0.13
TABLE 4.54: PARAMETERS' OF THE PRINCIPAL AXES OF THE CANONICAL FORM FOR THE
YIELD IN nMOL OF CYTOCHROME P-450 PER GRAMME DRY WEIGHT OF YEAST
PRINCIPAL
AXIS
T m G YE P s
X1 X2 X3 X4 X5 x6
F1 0.28 0.38 0.40 -0.24 0.74 0.90
F2 -O.O5 0.87 -0.00 0.33 -0.34 0.17
F3
0.33 -0.27 0.44 0.79 0.03 -0.05
F4 O.67 -0.06 0.23 -0.39 -0.51 0.28
F5
—0.26 0.09 0.61 -0.22 -0.27 -O.65
f6 -O.53 -0.17 0.47 -O.O5 -0.07 O.67
8-54
TABLE4.55 : COEFFICIENTS OF THE CANONICAL FORM FOR THE YIELD
OF YEAST IN GRAMME DRY WEIGHT PER LITRE
COEFFICIENTS VALUE
A» -1.42
Ai -I.I7
As -I.03
A* -0.79
As -0.42
Ac -O.O9
TABLE 4.56: PARAMETERS OF THE PRINCIPAL AXES OF THE CANONICAL FORM 
FOR THE YIELD OF YEAST IN GRAMME DRY WEIGHT PER LITRE
PRINCIPAL
AXIS
T IH G YE P s
X1 X2 X3 X4 X5 x6
Fi 0.70 0.21 O.58 0.37
-0.00 -0.08
F2 -O.5O 0.69V O.45 -0.11 0.09
0.22
F3 0.09
-0.14 -0.11 O.27: 0.51 0.80
F4 -0.28 -O.O3 -0.01 0.45
0.65 -O.55;
F5
-O.3I -0.01 -0.09 O.76 -0.60 0.12
f6 -O.3O -0.68 0.67 -O.O9 -0.03
0.06
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TABLE 4.57i STATISTICAL EVALUATION OF MATHEMATICAL MODELS FOR THE YIELD IN nMOL OF
CYTOCHROME P-4jO PER UNIT COST
MODE!
NO
SOURCE . 
OF
VARIATION
S.S.ERROR d.f. M.S.ERROR
M.S.ERROR 
M.S.EXPTL. 
ERROR
F-
TEST
M.S.ERROR 
M.S.ERROR 
OF MODEL 2
F-
TEST
R.M.S.ERROR 
AS 56 OF
MEAN YIELD
AT CENTRE PT.
1 centre point 8421.80 8 III5.23 1.00 - 0.04 - 10.20 56
2 quadratic eqn. 433222.19 17 25483.66 22.85 1 1.00 - 49.00 56
3 full can. eqn. 1337680.00 46 29080.00 26.28 1 1.06 - 52.09 56
4 Ai=o 631148.38 47 13428.69 12.04 1 0.73 - 35.60 % .
5 *2“° 742931.13 47 15807.05 14.17 1 0.79 - 38.60 %
6 A3-0 1086082.25 47 23108.13 20.72 1 0.95 - 46.70 %
7 A4-O 1209373.00 47 25731.34 23.07 1 1.00 - 49.23 %
8 A5-O 1214644.25 47 25843.49 23.17 1 1.01 - 49.33 *
9 Aô“0 1244361.00 47 26475*77 23.74 1 1.02 - 50.00 %
10 ^max-0 14039276.00 47 298708.00 267.84 1 3.43 1 168.20 %
11 Al=A>=0 1060458.00 48 22092.88 19.81 1 0.93 - 45.70 %
12 W 625646.50 48 13034.30 II.69 1 0.72 - 35-13 % -
13 951810.13 48 I9829.38 17.78 1 0.88 - 43.22 %
14 w v 1515434.25 49 30927.23 27.73 1.10 -
53.98 56
15 \=\=o 649721.75 48 13535.87 12.14 1 0.73 - 35-71 %
16 933244.63 48 19421.76 17.42 1 0.87 - 42.78 %
17 1024338.75 48 21340.39 19.14 1 0.92 - 44.84 %
18 xr W 1396653.00 49 28503.12 25.56 1 1.06 51.82 56
19 \ = ^ = \ = 0 710784.63 49 14505.81 13.01 1 0.75 - 36.97 *
20 1207689.75 49 24646.73 22.10 1 0.98 - 48.19 %
21
w y  4=o 1918194.00 50 38363.88 34.40 1 1.23 - 60.12 *
22 618833.38 48 12892.36 H .56 0.71 - 34.85 *
23 ^ = X =0 850224.00 48 17713.00 15.88 1 0.83 - 40.85 #
24 >^=>^=0 1039747.75 48 21661.41 19.42 1 0.92 - 45.17 #
25 V^-0 1121295.25 48 23360.32 20.95 1 0.96 - 46.91 #
26 ^ i - Y y o 1278472.52 49 26091.28 23.40 1 1.01 - 49.58 #
27 VVV0 690034.25 49 14082.33 12.63 1 0.74 - 36.42 £
28 VW° 1135805.75 49 23179.71 20.76 1 0.95 - 46.73 £
29 1074496.25 49 21928.49 19.66 1 0.93 - 45.45 £
30 V^5 "° 1012963.38 49 20672.72 18.54 1 0.90 - 44.13 £
31 vv^ -v° 1810150.75 50 36203.01 32.46 1 1.19 - 58.40 £
0-56
TABIfi 4.57 (CONTINUED)
SOURCE M.S.ERROR F- M.S.ERROR F- R.M.S.ERROR A3'
MOBEI OP S. S. ERROR d .f M.S.ERROR M.S.EXPTL T ' E M.S.ERROR
T
B .% OP MEAN YIELD
NO VARIATION ERROR ST OP MOTEL = ! AT CENTRE POINT
32 Y v y v y ° 2247868.00 51 44075.84 39.52 1 1.32 - 64.44 %
33 w ° 612598.38 48 12762.47 11.44 1 0.71 - 34.67 *
34 y y ° 835902.13 46 17414.63 15.62 1 0.83 - 1 40.50 56
35 w 1044381.38 48 21757.94 19.51 1 0.92 - 45.27 #
36 w ° 1142317.75 48 23798.29 21.34 1 0.97 - 47.35 *
37 y v > 1140005.75 48 23750.02 21.30 0.97 - 47.30 56
38 v y v 1228198.75 49 25065.28 22.48 1 0.99 - 48.59 %
39 V V V 0 672365.50 49 13721.75 12.30 1 0.73 - 35.95 %
40 y y \ - o 657435.88 49 13417.06 12.03 1 0.73 - 35.56 *
41 W V ) 618964.63 49 12631.93 11.33 1 0.70 - 34.50 56
42 y y v 0 1096400.75 49 22375.52 20.06 1 0.94 - 45.91 #
43 w v * 1051480.25 49 21458.78 19.24 1 0.92 - 44.96 %
44 96I 875.88 49 19630.12 17.60 1 0.88 - 43.00 56
45 y  y ^ 1008902.38 49 20589.84 18.46 1 0.90 - 44.04 56
46 1016728.13 49 20749.55 18.61 1 0.90 - 4 4 .2 1 56
4? v y y o 1072920.50 49 21896.34 19.63 1 0.93 - 45.42 %
48 v y y v 1734793.25 50 34695.86 31.11 1 1.17 - 57-17 %
49 W V V 0 1649625.75 50 32992.51 29.58 1 1.14 - 55.75 %
50 v y v v ° I 59O657.75 50 31813.15 28.53 1 1.12 - 54.74 $
51 y y  w ° 1464894.00 50 29297.88 26.81 1.07 - 52.54 #
52 y y y y y ° 2163817.50 51 42427.79 38.04 1 1.29 - 63.22 56
53 y ^ y ° 810130.63 50 16202.61 14.53 1 0.80 - 39.07 #
5 4 ; 770177.63 50 15402.35 13.81 1 0.78 - 38.09 %
55 1
y v y ^ " ° 698760.63 50 13975.21 12.53 1 0.74 - 36.29 *
56 v y y > 5“0 1426642.50 50 28532.85 25.58 1 1.06 - 51.85 #
57 Y W Y 0 1378543.00 50 27570.86 24.72 ! 1.04 - 50.96 *
58 v v y y ° 1212411.75 50 24248.23 21.74 O.98 - 47.80 #
59 y y y v  1 1016208.00 50 20324.16 18.22 1 O.89 - 43.76 56
60 y y y v v 2247868.50 51 44075.85 39.52 1 1.32 - 64.44 56
61 y y y y y ° 888145.00 51 17414.61 15.62 1 0.83 - 40.50 #
62 y y y y ^ - o 1616178.OO 51 31689.77 28.42 1 1.12 - 54.64 #
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TABUS 4.58i STATISTICAL EVALUATION OF MATHEMATICAL MODEIfl FOR THE YIELD IN nMOL OF
CYTOCHROME P-450 PER LITRE
SOURCE OF M.S.ERROF F- M.S.ERROR F- R.M.S.ERROR AS
MODE] VARIATION S.S.ERROR d.f M.S.ERROR M.S.EXFTI
T 
’ E M.S.ERROR
T
E
£ OF MEAN YIELD
NO ERROR
S
T OF MODEL ■!
AT CENTRE POINT
1 centre point I6167.O7 8 2020.88 1.00 - 0.68 - 18.50 #
2 quadratic eqn. 74572.61 17 4384.86 2.17 5 1.00 - 27.25 56
3 full can. eqn. II3I896.75 46 24606.45 12.18 1 2 .37 3 64.56 56
4 715706.75 47 15227.80 7.54 1 1.86 4 50.79 *
5 Y ° 336123.19 47 7151.56 3.5* 1.28 - 34.80 56
6 885547.88 47 18841.44 9-32 1 1.55 5 42.13 56
7 1019657.50 47 21694.84 10.74 1 1.66 5 45.21 fi
8 V0 862104.13 47 18342.64 9.08 1 2.05 4 55.74 *
9 V0 1244361.00 47 26475*77 13.10 1 j 2.46 2 66.97 56
10 10293628.00 47 219013.36 108.38 1 7.07 1 192.60 fi
11 >1 -^ = 0 472814.63 48 9850.30 4.87 1.50 5 40.85 56
12 > 1«=>S5=0 662094.75 48 13793-64 6.83 1 1.77 4 48.34 fi
13 X2= y o  - 515691.44 48 10743.57 5.32 . 1.57 5 42.67 56
14 A 1=^='X=o 845123.50 49 17247.42 8.53 1 I .98 4 54.05#
15 648257.38 48 13505.36 6.68 1.76 5 47.83 fi
16 379637.56 48 7909.12 3.91 2 1.34 - 36.60 #
17 831320.00 48 17319.17 «.57 1 1.99 4 54.16#
18 ^ r ^ V 0 561121.80 49 1145.47 5.76 1 1.62 5 44.04 #
19 A i“V V 652657.13 49 13319.53 6.59 1 1.74 5 47.50 #
20 a2=x=^=° 617217.50 49 12596.28 6.23 1 1.70 5 46.19 #
21 991438.13 50 19828.76 9.81 1 2.13 3 57.95 #
22 A=o 573135.25 48 11940.32 5.91 1 1.80 4 49.14 #
23 491694.06 48 10241.96 5.07 1.53 5 41.65 #
24 w 776075.00 48 16168.23 8.00 1 1.92 4 52.33 #
25 X 4">5=0 785639.00 48 16367.48 8.10 1 1.93 4 52.65 #
26 755529.63 49 15418.97 7.63 1 1.88 4 51.10 #
27 X=X=o 679843.38 49 13874.36 6.87 1 1.78 4 48.48 #
28 X 2» > |-^ = 0 831502.00 49 16969.43 8.40 1 1.97 4 53-61 #
29 v w ° 570902.88 49 II651.O8 5.77 1 1.63 5 44.42 #
30 757621.38 49 15461.66 7.65 1 1.88 4 51.17 #
31 V “^W° 1288156.00 50 25763.12 12.75 1 2.42 2 66.06 #
0-58
TABLE 4.^(CONTINUED)
MODEL
NO
SOURCE OF 
VARIATION S.S.ERROR d.f M.S.ERROR
M.S.ERROR 
M.S.EXPTL 
ERROR
F-
T 
' E 
8 
T
M.S.ERROR 
M.S.ERROR 
OF MODEL
F-
T
E
s
T
R.M.S.ERROR AS $ 
OF MEAN YIEID 
AT CENTRE POINT.
32 1470244.50 51 28828.32 14.27 1 2.50 2 69.88  56
33 Xr ^ ”° 670446.88 48 14009.31 6.93 1 1.79 4 48.71 56
34 V V 0 363580.44 48 7574.59 3.75 1 1.31 - 35-82 56
35 847363.41 48 17653.41 8.74 1 2.01 4 5 4 .6 8 #
36 v v ° 955614.63 48 19908.64 9.65 1 2.13 3 58.07 #
37 v v ° 812898.00 48 16935.38 8.38 1 1.97 4 53.56 #
38 V V ^"0
529130.50 49 10798.58 5.34 1 1.57 5 42.77 *
39 V V V 0
541460.25 49 11050.21 5.47 1 1.59 5 43.26 #
40 W %6“°  • 613070,25 49 12511.64 6.19 1 1.69 5 46.03 #
41 W 5^ "0 552785.13 49 11281.33 5.58
1 1.60 5 43.72 #
42 X =A ” ^=0 577080.25 49 11777.15 5.83 1 1.64 5 44.66 #
43 V W 415167.44 49 8472.80 4.19 1 1.39 5 3 7 .8 8 #
44 541980.75 49 11060.83 5.47 1 1.59 5 43.28 #
45 y w 801208.88 49 16351.00 8.09 1 1.93 4 52.63 #
46 760800.50 49 15526.54 7.68 1 1.88 4 51.28  #
47 v y v 744505.75 49 15193.99 7.52 1 1.86 4 5 0 .7 3 *S 48 v y y v 0 935368.13 50 18707.36 9.26 1 2.07 4 56.29  #
! 49 879608.38 50 17592.17 8.71 1 2.00 4 54.59 *
I 50 ! y v  w ° 625507.50 50 12510.15 6.19 1 I .69 5 46.03 #
' 51 y  v y  6"° 834752.63 50 16695.05 8.26 1 1.95 4 53-18 #
5 2 1 1089756.0 0 ! 51 21367.77 10.57 1 2.21 3 60.16  #
53 | y y y y 706179.63 50 14123.59 6.99 1 1.79 4 48.91 #
54 ;
j
651401.38j 50 13028.03 6.45 1 1.72 5 4 6 .9 8 #
55 y y y y  . 529182.50 50 10583.65 5.24 1 1.55 5 4 2 .3 4 #
56 y y v y °  : 968801.88 50 19376.04 9.59 1 2.10 3 57.29 #
57 V y V V 0 : 686678.75 50 13733.58 6.80 1 1.77 4 48.23 #
58 j y  y  y  y  ; 629342.25 j 50 12586.85 6.23 1 1.69 5 46.17 *
59 y y y v 750419.50 50 15008.39 7.43 1 1.85 4 50.42 #
60 ; 1470244.50 51 28828.32 14.27 1 2.56 2 69.88  #
61 y ^ y y v i 727833.50 51 14271.25 7.06 1 1.80 4 49.17 #
1 y  |io6H 73 .50 51 20807.32 10.30 1 2.18 3 59.37 *
8-59
TABLE 4.59: STATISTICAL EVALUATION OF MATHEMATICAL MODEIS FOR THE YIELD IN nMQL
OF CYTOCHROME P-450 PER GRAMME DRY WEIGHT OF YEAST
SOURCE M.S.ERROR F- M.S .ERROR F- R.M.S.ERROR
MODE!
NO
OF
VARIATION
S.S.ERROR d.f. M.S.ERROR M.S.EXPTL
ERROR
T
E
S
T
M.S.ERROR 
OF MODEL
T
E:
AS 56 OF 
MEAN YIELD 
AT CENTRE FT.
1 centre point 33-36 8 4.17 1.00 - 0.36 11.0 0 *
2 quadratic eqn. 556.28 17 32.72 7.85 1 1.00 30.97*
3 full can. eqn. 13146.13 46 285.79 68.53 2.96 2 91.52*
4 V 0 2411.30 47 51.30 12.30 1 1.25 - 38.78 *
5 ^2=0 H 513.I9 47 244.96 58.74 1 2.74 2 84.74*
6 A y O 14429.88 47 307.02 73.63 1 3.06 1 94.87*
7 \=0 10762.95 47 228.99 54.92 1 2.65 2 81.93 *
8 ^.=0 12477.33 47 265.48 63.66 1 2.85 2 88.22 *
9 V 13423.20 47 285.60 68.49 1 2.95 1 91.49 *
10 Ymax"° 51949.13 47 1105.30 265.06 1 5.81 1 180.0 0 *
11 V V 0 2589.66 48 53.95 12.94 1 1.28 - 39.77 *
12 \ = ^ = 0 1835.75 48 38.24 9.17 1 1.08 - 33.48 *
13 v v ° 12602.80 48 262.56 62.96 1 2.83 2 87.73 *
14
W V 0 1819.97 49 37.14 8.91 1 1.07 - 32.99*
15 Y Y ° 2234.15 48 46.54 11.16 1 1.19 - 36.94*
16 \ = \ = 0 9362.22 48 195.05 46.77 1 2.44 2 75.61 *
17 Y V II805.65 48 245.95 58.98 1 2.74 2 84.91*
18 W \ " ° 2644.71 49 33.48 8.03 1 1.01 - 31.33 *
19 Y W 1417.54 49 28.93 6 .94 1 0.44 - 29.12 *
20 10210.77 49 208.38 49.97 1 2.52 2 78.16 *
21
Y W ^ " ° 1633.96 50 32.68 7.84 1 1.00 - 30.95 *
22 X^=^=o 2493.55 48 51.95 12.46 1 1.26 - 39.02 *
23 x a\=o 10920.99 48 227.52 54.56 1 2.64 2 81.67 *
24 13679.92 48 284.99 68.34 1 2-95 i| 91.40 *
25 X4=Y ° 10190.94 48 212.31 50.91 1 2 .55 2 78.89 *
26 2448.51 49 56.09 13.45 1 1.31 - 40.55*
27 X i - y y o 1836.85 49 37.49 8.99 1 1.07 - 33.15 *
28
v w ° 11929.45 49 243.46 58.38 1 2.73 2 84.48 *
29
v W °
8866.81 49 I8O.96 43.39 1 2.35 3 72.83 *
30 W Y 11152.49 49 227.60 54.58 1 2.64 2 81.68 *
31 x i =Y ^ * Y ° 1897.67 50 37.95 9 .10 1 1.08 - 33.35 *
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TABLE 4.59 (CONTINUED)
MODEL
NO
SOURCE
OF
VARIATION
S.S.ERROR.d.f. M.S.ERROR
1
j
M.S.ERROB
M.S.EXFTI
ERROR
F-
T
E'
S
T
M.S.ERROR 
M.S.ERROR 
OF MODEL
F-
T
E
V ?
R.M.S.ERROR AS 
£ OF MEAN HELD 
AT CENTRE POINT
i
32 \"VVVV° 1808.45 51 35-46 8.50 1 1.04 - 33.3 5 * i
33 VY° 2390.55 48 49.80 11.94 1 1.23 - 38.21 *
34 VV° 11759.33 48 244.99 58.75 1 2.74 2 84.74 *
35 V v° 14739.32 48 307.07 73.64 1 3.O6 1 94.87 *
36 vv° IIOOI.56 48 229.20 54.96 1 2.65 2 81.97 *
37 vv° 12741.48 48 265.45 63.66 1 2.85 2 88.21 %
38 2537.97 49 51.80 12.42 1 1.26 - 38.97 *
39 X1”V'X5=0 2413.19 49 49.25 11.81 1 1.23 - 37.99 *
40 xrV^ "° 2174.93 49 44.39 10.64 1 1.16 - 36.07 *
41 2459.89 49 50.20 12.04 1 1.24 - 38.36 *
42 W V 0 12881.31 49 262.88 63.04 1 2.83 2 87.78 *
43 VVV° 9569.89 49 195.30 46.84 1 2.44 2 75.66 56
44 X2=VV° 11154.22 49 227.64 54.59 1 2.64 2 81.69 *
45 VV^ "0 12076.63 49 246.46 59.10 1 2.74 2 84.99 *
46 13976.45 49 285.23 68.40 1 2.95 1 91.44 %
47 W V 0 10416.63 49 212.58 50.98 1 2.55 2 78.94 *
48 w y v 0 I8OO.65 50 36.01 8.64 1 1.05 - 32.49 *
49 2900.35 50 58.01 13.91 1 1.33 - 41.24 56
5° 2554.55 50 51.09 12.25 1 1 .25 - 38.70 *
51 xr v y v 2683.91 51 53-68 12.87 1 1.28 - 39.67 *
52 v v y w 0 1576.17 51 30.91 7.41 1 0.97 - 30.10 56
53 vyv^"0 1515.43 50 30.31 7.27 1 0.96 - 29.8156
54 v w w 1390.69 50 27.81 6.67 1 0.92 - 28.55 *
55 A r Y x5=>6=0 2341.05 50 46.82 11.23 1 1.20 - 37.05 *
56 v y v y 0 9634.21 50 192.68 46.21 1 2.43 2 75.15 *
57 w vS"0 10450.81 50 209.02 50.12 1 2.53 2 78.28 #
58 w y Y ° 9061.57 50 181.23 43.46 1 2.35 2 72.89 *
59 11410.54 50 228.21 54.73 I 1 2.64 2 81.79 *
60 wyv^"° 1808.45 51 35.46 8.50 1 1.04 1 32.24 Jg
61 1475.66 51 28.93 32.51 1 1,16 35-93 *
62 v v v y ^ 9861.33 51 193.36 46.37 1 2.43 Î 75.29 *
0-61
TABLE 4.601 STATISTICAL EVALUATION OF MATHEMATICAL MODELS FOR THE BIOMASS YIELD IN
GRAMME DRY WEIGHT FEE LITRE
MODEL
NO
SOURCE
OF
VARIATION
S.S.ERROR d.f. M.S.ERROR
M.S.ERROR
M.S.EXPTL.
ERROR
F-
T
E
S
T
M.S.ERROR 
M.S.ERROR 
OF MOEEL 2
F-
T
E
S
T
R.M.S.ERROR 
AS % OF 
MEAN YIELD 
AT CENTRE FT
1 centre point 7.16 8 O.89 1.00 - 0.35 - 6.30 56
2 quadratic eqn. 121.76 17 7.16 8.05 1.00 - 17.87 %
3 full can. eqn. 1462.27 46 31.79 35.72 1 2.11 3 37.60 *
4 X=o 548.10 47 11.66 13.10 1 1.28 - 22.81 56
5 3-0 772.82 47 16.44 18.48 1 1.52 5 27.08 %
6 1148.23 47 24.43 27.45 1 1.85 4 33.02 %
7 1312.83 47 27.93 31.38 1 1.98 4 35.30 %
8 ^=0 1345.12 47 28.62 32.16 1 2 .00 4 25.74 %
9 v ° 1432.42 47 30.48 34.24 1 2.06 4
36.8 8 *
10 w ° 19688.56 47 418.91 470.68 1 7.65
1 136.72 *
11 1- 2"° 672.41 48 14.01 15.74
1 1.40 5 25.00 *
12 576.83 48 12.02 13.50 1 4.49 1 80.28 *
13 X«.X=o........2 3 684-.04 48
14.25 16.01 - -1.41 5 25.22 *
14 'A- =3 A.1 2  3^ 926.40 48 19.30 21.69 1 1.64 5 29.35 %
15 w 632.80 48 13.18 14.81 1 1 .36 5
24.25 *
16 777.13 48 16.19 18.19 1 1.50 5 . 26.88 *
17 1061.60 48 22.12 24.85 1 1.76 5 31.42 *
18 910.86 49 18.59 20.89 1 1.61 5 28.80 *
19 724.35 49 14.78 16.61 1 1.44 5 25.68 *
20 vvv 751.15 49 15.33 17.22 1 1.46 5 26.15 *
21 vvw 1227.66 50 24.55 27.59 1 1.85 4 33.10 *
22 ■^=^=0 557.70 48 11.62 13.05 1 1.27 - 22.77 %
23 VV0 738.90 48 15.39 17.30 1 1.47 5 26.21 *
24 1065.06 48 22.19 24.93 1 1.76 5 31.47 *
25 V's"0 1218.73 48 25.39 28.53 1 1.88 4 33-66 *
26 3.b3™3=0 765.23 49 15.62 17.55 1 1.48 5 26.40 *
27 VVV0 620.41 49 12.66 14.23 1 1.33 - 23.77 #
28 V W 684.08 49 13.96 15.69
1 1.40 5 24.96 *
29 v W° 766.25 49 15.64 17.57 1 1.48 5 26.42 *
30 WY0 1001.47 49 20.44 22.96 1 1.69 5 30.20 *
31 1053.19 50 21.06 23.67 1 1.72 5 30.60 *
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TABIE 4.60 (CONTINUED)
SOURCE M.S.ERROR F- M.S.ERROR F- R.M.S.ERROR
MODE]
NO
L OP 
VARIATION
S.S.ERROR d.f M.S.ERROR M.S.EXPTL
ERROR
T 
’ E
S
T
M.S.ERROR 
OP MODEL
T
B
AS $ OF 
MEAN YIELD 
AT CENTRE FT.
31 ^=0 1053.19 50 21.06 23.67 1 1.72 5 30.66 56
32
W V  4 " V ° 1377.49 51
27.01 3O .35 1 1.94 4 34.72 *
33 569.41 48 11.86 13.33 1 1.29 - 23.01 #
34 776.70 48 16.18 18.18 1 1.50 5 26.87 %
35 1132.46 48 23.59 26.51 1 1.82 4 32.45 *
36 1292.57 48 26.93 30.26 1 1.94 4 34.60 56
37 v v ° 1320.47 48 27.51 30.91 1 1.96 4 35.04#
38 V  3“^ “° 727.46 49 14.85 16.68 1 1.44 5 25.74 #
39 wv° 665.44 49 13.58 15.26 1 1.38 5 24.62 #
40 v V v 0 663.71 49 13.55 15.22 1 1.38 5 24.60 56
41 584.21 49 11.92 13.40 1 I.29 - 23.07 #
42 A - y ^ - o 701.99 49 14.33 16.10 1 1.41 5 25.28 56
43 v w 790.61 49 16.13 18.13 1.50 5 26.83 #
44 747.97 49 15.26 17.15 1 1.46 5 26.10 56
45 Y W ° 1055.43 49 Z l . f r 24.20 1 1.73 5 31.00 56
46
V V V 0 1054.49 49 21.52 24.18 1 1.68 5 30.10 56
47 1203.67 49 24.56 27.60 1 I .85 4 33.11 *
48 W ’^ ' V 0 995.52 50 19.91 22.37 1 1.67 5 29.81 56
49 vwv° 1026.72 50 20.53 23.07 1 I .69 5 30.27 #
50 WW"° 975.50 50 19.51 21.92 1 1.65 5 29.51 %
51 WV ”^0 825.47 50 16.51 18.55 1 1.52 5 27.14 56
52 1306.38 51 25.62 28.78 1 1.89 4 33.81 #
53 A m X  a A =X.=01 3 4 5 ^ 790.96 50 15.82 17.77 1 1.49 5 26.57 #
54 vyvvv0 769.34 50 15.39 17.29 1 1.47 5 26.20 56
55 vv *^*0 701.55 50 14.03 15.77 1 1.40 5 25.02 56
56 yw^-° 774.24 50 15.48 17.40 1 1.47 5 26.29 #
57 w w ° 778.71 50 15.57 17.50 1 1.48 5 26.36 56
58 WW0 784.91 50 15.70 17.64 1 1.48 5 26.47 #
59 vyyv° 1000.49 50 20.01 22.48 1 1.67 5 29.88 56
60 806.99 51 15.82 17.78 1 1.49
.
5 26.57 #
8 - 6 3
tabu *.<i i m  x -* m n  rat n a  çpAumo B sraaa roranoe
ao *0 V *2 *0 x5 *1*1*2*2 V?Vo% V6 *1*2*1*3*2*3*1*4*2*0 *3*0*1*5V , Y j V 5*1*6*2*6*3*6*0*6Y*
i -r -1 4 -1 1 1 a 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
a 1 1 •4 4 4 1 1 1 1 1 1 -1 1 4 1 1 4 1 1 1 1 4 4 4
3 1 4 4 1 1 1 V 1 1 1 4 1 4 1 1 4 I 1 4 .1 -I 4» 1 1 1 -1 4 -1 1 1 1 1 1 -1 4 4 4 1 4 4 1 1 4 4 1 1 1
5 1 1 4 4 1 1 1 1 1 1 1 4 4 1 1 4 1 1 4 1 4 4 1 4 4
6 1 1 1 4 -1 4 1 1 1 1 1 1 4 -1 1 4 4 1 4 1 4 1 4 1
7 1 1 I 4 -1 4 1 1 1 1 1 .1 1 1 4 4 1 4 4 1 1 4 4 1 1
8 1 1 1 -I 4 1 1 1 1 1 1 1 1 1 4 4 4 4 4 4 1 1 1 1 4
9 1 1 -1 1 1 1 1 1 1 1 1 1 4 4 4. 1 1 1 4 4 -1 4 1
10 1 1 1 4 -1 1 1 1 1 1 -1 1 1 -1 4 4 1 1 4 4 4 1 4 1
U 1 1 1 -1 1 1 1 1 1 1 4 4 1 4 1 4 1 4 1 4 1 4 1
11 I 1 1 1 4 1 1 1 1 1 1 1 4 4 1 1 4 4 4 1 4 1 1 4 1
13 1 1 1 -1 4 1 1 . 1 1 1 1 4 4 4 4 1 1 1 4 4 1 1 4 4
1* 1 1 1 1 4 1 1 1 1 1 1 1 4 1 4 1 4 1 4 4 1 4 1 1
V 1 1 1 1 4 1 1 1 1 . 1 1 -1 1 4 1 1 1 4 4 4 4 1 1 1
18 1 1 1 1 1 4 4 1 1 1 1 1 1 1 1 1 1 1 4 4 4 4 4 4 4 4 1
17 1 -1 -1 1 1 1 1 1 1 I 1 1 1 1 I 1 4 4 4 4 4 4 4 4 1
18 1 1 4 1 4 1 1 1 1 1 4 1 4 1 1 1 4 4 4 4 1 1 I 4
19 -1 1. 4 1 . 1 1 4 1 4 1 -1 1 4. 4. 1 4 1 1
20 1 1 1 -1 1 1 1 1 1 1 1 1 4 4 4 4 1 1 1 4 4 1 I 4 4 1
21 1 1 1 4 1 1 1 1 1 1 _4 4 1 1 -1 4 1 4 1 1 1 1
22 1 1 1 4 1 1 1 1 1 1 1 4 ' 4 4 1 4 1 4 1 4 1 4 1 4 1
23 1 1 1 4 1 1 I 1 1 1 1 4 1 1 4 4 4 1 1 -1 4 1 1 4
20 1 1 1 1 4 1 1 1 1 1 1 1 1 4 4 4 1 1 1 4 4 .4 4 1 4
23 1 4 1 1 -1 1 1 1 1 1 1 1 1 4 4 4 4 4 4 1 1 1 1 4
26 1 1 4 1 1 1 1 1 1 1 1 4 1 1 4 4 1 4 4 1 1 4 4 1 1
27 1 1 1 1 1 1 1 1 1 1 1 4 4 1 -1 4 1 4 1 4 1 4 1 1
28 1 1 1 1 1 4 1 1 1 1 1 1 4 4 1 1 4 1 1 4 1 4 4 1 4
29 1 1 1 1 1 1 1 1 1 1 1 4 4 4 4 1 4 4 1 1 4 4 1 1 1
30 1 1 1 1 1 -1 1 1 1 1 i 1 -1 1 4 1 1 4 1 1 4 1 4 -1
31 1 1 1 1 1 -1 1 1 1 1 1 4 4 4 1 1 4 1 1 1 1 4 4 4 4
32 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 .1 1 1 1 1 1 1 1 .1 1 1 1
33 1 -2.4 0 0 0 0 0 3.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
* 1 2.0 0 0 0 0 0 5.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
33 1 0 -2.4 0 0 0 0 0 5.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
36 1 0 2.4 0 0 0 0 0 57 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
37 1 0 0 4.0 0 0 0 0 5.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
38 1 0 0 2.0 0 0 0 0 0 5.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
39 1 0 0 0 4.0 0 0 0 0 0 5-7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
40 1 0 0 0 2.4 0 0 0 0 0 5.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
41 1 0 0 0 0 4A 0 0 0 0 0 5.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
42 1 0 0 0 0 2.0 0 0 0 0 0 57 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
43 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
40 1 0 0 0 0 0 4.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
43 1 0 0 0 0 0 2.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
46 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
47 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
48 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
49 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
30 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
31 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3% 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ,0 0 0 0 0 0 0 0 0 0 0 0 0
53 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
— »
0 0 0 0 0 0 0 0
8-64
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TABLE 4.62 : THE F-DISTRIBUTION (interpolated from HimmeTblau. ,1970)
N1:N2 (D (2) (3) (4) (5)
F0.99 f0.975 F0.95 F0.90 F0.75
46 17 2.89 2.42 2.09 1.77 1.36
47 17 2.89 2.42 2.09 1.77 1.36
48 17 2.89 2.42 2.09 1.77 1.36
49 17 2.88 2.41 2.08 1.77 1.36
50 17 2.88 2.41 2.08 1.77 1.36
51 17 2.87 2.41 2.08 I.76 1.36
17 8 5.45 4.06 3.19 2.45 1.61
46 8 5.09 3.82 3.03 2.35 1.59
47 8 5.09 3.82 3.03 2.35 1.59
48 8 5.08 3.82 3.03 2.35 1.59
49 8 5.08 3.81 3.03 2.35 1.59
50 8 5.07 3.81 3.02 2.35 1.59
51 8 5.07 3.81 3.02 2.35 1.59
8 2 99.37 39.37 19.37 9.36 3.35
2 8 8.65 6.06 4.46 3.11 1.66
6 8 6.47 4.65 3.58 2.67 1.65
21 8 5.34 3.99 3.14 2.42 1.61
24 8 5.28 3.95 3.12 2.40 1.60
25 8 5.27 3.94 3.11 2.40 1.60
1 :8 11.26 7.# 3.32 3*46 1.54
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COEFFICIENTS VALUE
bO 306.15
bl 4.30
b2 24.59
b3 -29.43
\ -72.46
b5
47.69
b6 13.65
bll -7.62
b22 -I8.7I
-6.66
b44 -13.19
-18.52
. b66 -6.92
b12 -21.01
bl3 -1.99
b23 2.84
bl4 1.68
b24 -3.76
b34 -9.37
bl5 19.60
^25
-IO.33
3^3 21.91
b45 27.64
bl6 -1.33
b26 4.54
^6 -7.O6
b46 7.70
3^6 8.18
TABLE 4.63 : THE REGRESSION COEFFICIENTS
OF THE REEVALUATED QUADRATIC 
RESPONSE FUNCTION FOR THE 
YIELD OF CYTOCHROME P-450 IN 
nMOL PER UNIT COST.
TABLE 4.64 : OPTIMUM POINT COORDINATES FOR
THE REEVALUATED QUADRATIC 
FUNCTION FOR THE YIELD OF 
CYTOCHROME P-450 IN nMOL.
  PER UNIT COST.
VARIABLE DIMENSIONLESS VALUE LEVEL UNITS
T 1.26 28.39 °C
PH -O.O7 5.2Q .pH units
G -0.64 102.36 g / i
YE - 1.34 4.62 s / i
P O.79 15.37 s / i
S O.89 1.33 s / i
PREDICTED MAXIMUM YIELD = 390.87
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TABLE If.65 : THE PREDICTIONS OF THE BEST MODELS FOR ALL YIELD EXPRESSIONS
nmol/unit cost nmol/litre nmol/g dry g dry/litre
NO ACTUAL PREDICT ACTUAL PREDICT ACTUAL PREDICT ACTUAL PREDICT
1 69.78 271.10 43.96 184.65 6.93 16.08 6.34 9.89
2 122.10 172.40 76.92 192.26 16.87 16.75 4.56 4.46
3 69.78 202.19 43.96 59.32 7.79 15.86 5.64 13.19
4 122.10 108.17 76.92 4.32 12.41 17.09 6.20 10.00
5 130.24 239.66 87.91 183.46 11.66 16.98 7.^ 13.08
6 162.80 289.92 109.89 95.65 12.32 15.68 8.92 8.74
7 I3O.24 299.04 87.91 -9.93 12.63 16.87 6.96 12.54
8 162.80 111.93 IO9.89 -39.74 13.47 16.25 8.16 11.69
9 354.97 345.40 263.74 222.10 20.19 17.75 13.06 10.56
10 266.22 362.29 197.80 271.35 22.22 17.41 8.90 3-73
11 384.54 345.47 285.71 247.97 23.93 14.54 11.94 13.59
12 177.48 245.12 131.87 190.68 16.95 13.41 7.78 10.73
13 419.43 378.37 329.67 284.5? 23.79 17.54 13.86 12.86
14 181.76 325.93 142.86 194.04 13.15 17.72 10.86 9.54
15 349.53 339.69 274.73 215.56 18.95 12.87 14.50 14.28
16 195.74 285.52 153.85 49.82 14.62 15.04 IO.52 13.69
17 84.62 8.50 76.92 146.57 8.27 14.73 9.30 IO.98
18 84.62 -45.04 76.92 256.73 10.62 12.45 7.24 6.57
19 108.80 -47.99 98.90 95-04 II.89 17.74 8.32 14.26
20 60.45 -217.12 54.95 • 149.93 6.24 17.62 8.80 11.31
21 126.97 I68.99 120.88 .'242.59 11.45 13.02 IO.56 13.88
22 115.43 47.78 IO9.89 264.23 11.42 14.19 9.62 10.46
23 150.06 75.40 140.86 147.44 13.48 17.5L 10.60 13.04
24 115.43 -49.21 109.89 42.62 11.03 17.74 9.96 14.86
25 258.32 221.16 263.74 249.40 22.62 16.01 11.66 8.07
26 150.69 I86.71 153.85 243.56 13.94 16.69 11.04 2 .65 .
27 129.16 188.39 131.87 208.97 12.51 15.94 10.54 II.29
28 150.69 30.41 153.85 241.20 15.60 17.14 9.86 10.62
29 237.55 304.43 252.75 268.54 18.40 16.93 13.74 10.97
30 278.85 290.74 296.70 267.97 23.25 15.60 12.76 9.15
31 268.52 271.76 285.71 260.74 21.13 16.92 13.52 12.86
32 154.92 148.89 164.84 217.48 15.29 16.31 10.78 12.02
33 207.58 313.07 175.82 219.08 18.16 17.74 9.68 15.16
34 77.84 117.31 65.93 164.85 7.03 17.71 9-38 8.46
35 IO3.79 245.22 87.91 299.92 6.85 10.41 12.84 6.33
36 207.58 62.31 175.82 79.03 18.66 IO.91 9.42 14.41
37 138.05 136.46 109.89 173.82 12.87 17.75 8 .54 9.13
38 97.90 307.63 87.91 132.35 5*66 17.75 15.52 15.33
39 92.34 -14.28 65.93 43.05 6.02 16.64 10.96 13.37
40 156.99 377-28 153.85 283.65 12.71 16.83 12.10 11.54
41 317.00 342.95 164.84 125.44 12.30 16.77 13.40 10.41
42 168.48 -64.04 197.80 267.66 18.38 16.57 10.76 10.47
43 246.51 254.72 208.79 191.60 17.20 17.44 12.14 8.92
44 142.72 I87.03 120.88 203.46 11.26 17.54 10.74 8.17
45 350.33 258.33 285.71 271.45 19.39 17.75 14.28 13.88
46 311.41 258.33 296.70 271.45 15.87 17.75 15.30 13.88
47 311.41 258.33 263.74 271.45 19.22 17.75 16.62 13.88
48 337.32 258.33 263.74 271.45 18.41 17.75 13.72 13.88
49 376.28 258.33 285.71 271.45 22.13 17.75 15.52 13.88
50 272.48 258.33 318.68 271.45 15.87 17.75 14.40 13.88
51 350.33 258.33 230.77 271.45 18.52 17.75 14.54 13.88
52 285.46 258.33 296.70 271.45 16.84 17.75 16.02 13.88
53 337.32 258.33 241.76 271.45 20.01 17.75 14.36 13.88
S.S.E. 618964.63 336123.19 1475.66 557.70
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TABLE 5-1 2 THE COMBINATION OF VARIABLES AT THE THREE OFT MUM POINTS 
IN THE SHAKE FLASK
EXPERIMENTAL
VARIABLES
CONDITIONS AT 
THE SECOND 
CENTRE POINT
CONDITIONS AT 
THE ORIGINAL 
OPTIMUM
CONDITIONS AT 
THE RE-EVALUATED 
OPTIMUM
UNITS
T 26.50 24.40 28.40 °C
PH 5.30 5.25 5.28 pH units
G 117.00 116.30 102.36 g/1
YE 10.00 I6.9O 4.62 ê/1
P 13.00 10.40 15.37 g/1
S . 1.00 0.90 1.35 g/l
PREDICTED nmol/
YIELD - 395.08 390.87 unit cost
ACTUAL nmol/
YIELD 325.82 307.ll — unit cost
TABLE 5.2 : THE YIELD OF S.CEREVISIAE N.C.Y.C. 754 AT THE CONDITIONS 
OF THE ORIGINAL OPTIMUM OF S.CEREVISIAE N.C.Y.C. 240
NO BIOMASS CYTOCHROME P-450
g wet/l g dry/l nmol/g wet nmol/g dry nmol/l
1 61.50 IO.58 7.47 43.43 459.41
2 65.OO 11.18 9.45 54.94 614.25
3 66.50 11.44 7.69 44.71 511.39
4 62.00 10.66 10.11 58.78 626.82
5 64.00 11.01 7.9I 45.99 506.24
6 60.50 10.41 9.89 57.50 598.35
7 58.00 9.98 8.79 51.11 509.82
8 61.00 10.49 7.25 42.15 442.25
MEAN 62.31 IO.72 8.57 49.83 534.00
M.S.ERROR 7.43 0.22 1.30 43.94 5006.39
KING'S RESULT(I983) 70.00 12.04 8.50 49.42 595.00
8 - 6 8
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TABLE 5.3: THE HALF-HEPLICATE 2 FACTORIAL EXPERIMENT ON THE VARIABLES 
T, iti,GLUCOSE ,RPM ,AIR FLOW RATE AND INOCULUM LEVEL
VARIABLES «<= -1 06= 0 ot= 1 units
TEMPERATURE(T) 23.0 25.0 27.0 °c
pH 5.30 5.50 5.80 IH units
GLUCOSE(G) 116.30 141.10 165.90 g/l
IMPELLER SPEED(RPM) 150.00 200.00 250.00 r.p.m.
AIR FLOW RATE (A) 200.00 250.00 300.00 mï/min
inoculum(inoc) 5.Q# 7.5# 10.0^ v/v
TABLE 5-5: ERROR VARIANCE PER EXPERIMENTAL UNIT (£ 2) BASED ON 
THE 9 REPLICATIONS AT THE CENTRE POINT
NO nmol/g dry g dry/l nmol/l
1 81.16 8.04 630.01.
2 75.41 9.73 671.07
3 58.78 9.14 537.45
4 66.45 9.70 584.53
5 70.29 9.73 612.84
6 57.50 9.14 525.75
7 67.73 9.61 607.66
8 65.17 8.09 522.83
9 60.06 8.96 538.30
MEAN 66.95 9.13 581.16
S.S.ERRORS 492.20 3.57 22407.56
MEAN OF S.S.E(£) 61.53 0.45 2800.95
STD.ERROR PER 7.84 O.67 52.92
UNIT EXPT.(RMS)
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TABLE 5*4: THE VARIATION OF EXPERIMENTAL CONDITIONS AND THE YIELDS 
OF BIOMASS AND CYTOCHROME P-450
NO T PH G RPM A INOC biomass/1 P-450/g(dry) P-450/1
1 -1 -1 -1 -1 -1 -1 8.43 72.85 572.83
2 1 -1 -1 -1 -1 1 9.03 67.56 670.69
3 -1 1 -1 -1 -1 1 8.70 63.90 587.31
4 1 1 -1 -1 -1 -1 7.74 51.11 390.42
5 -1 -1 1 -1 -1 1 9.12 58.14 600.30
6 1 -1 1 -1 -1 -1 9.23 66.45 602.06
7 -1 1 1 -1 -1 -1 8.07 79.88 640.01
8 1 1 1 -1 -1 1 7.94 66.45 596.19
9 -1 -1 -1 1 -1 1 5.67 47.27 324.71
10 1 -1 -1 1 -1 -1 10.26 51.74 458.26
11 -1 1 -1 1 -1 -1 7.63 63.90 506.42 ,
12 1 1 -1 1 -1 1 10.73 58.78 580.58
13 -1 -1 1 1 -1 -1 8.29 48.55 352.12
14 1 -1 1 1 -1 1 8.51 72.21 644.39
15 -1 1 1 1 -1 1 7.79 52.38 380.58
16 1 1 1 1 -1 -1 10.26 66.45 569.56
17 -1 -1 -1 -1 1 1 8.43 51.11 450.48
18 1 -1 -1 -1 1 -1 7.80 60.64 520.52
19 -1 1 -1 -1 1 -1 7.02 74.13 545.38
20 1 1 -1 -1 1 1 9.71 49.83 543.94
21 -1 -1 1 -1 1 -1 8.66 75.41 664.06
22 1 -1 1 -1 1 1 5.04 67.09 418.90
23 -1 1 1 -1 1 1 7-33 65.17 531.81
24 1 1 1 -1 1 -1 6.84 47.27 245.93
25 -1 -1 -1 1 1 -1 7.38 53.66 372.52
26 1 -1 -1 1 1 1 7.53 48.55 376.67
27 -1 1 -1 1 1 1 9.96 49.83 426.94
28 1 1 -1 1 1 -1 9.17 53.02 441.91
29 -1 -1 1 1 1 1 7.89 33-84 280.67
30 1 —1 1 1 1 -1 9.94 47.91 387.21
31 -1 1 1 1 1 -1 4.03 50.47 281.10
32 1 1 1 1 1 1 9.01 61.34 516.00
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TABLE 5.6: RESULTS OF F-TESTS ON MAIN AND INTERACTION EFFECTS AS DERIVED
BY YATES METHOD FOR THE YIELD IN nMOL OF CYTOCHROME P-450 PER LITRE
NO YIELD TOTALS IDENTIFICATION FACTORIAL
EFFECT
d.f. M.S.OF TOTAL 
EFFECTfS1)
s2/ff- F-
TEST
1 531.67 13871.31 (GT) - 1
2 576.68 449'. 01 T 28.06 1 6300.31 2.25 5
3 510.38 >170.65 pH 10.67 1 910.04 0.32 -
4 359.60 -265.29 T-pH -16.58 1 2199.34 0.79 —
5 530.30 -42.51 G —2.66 1 56.47 0.02 -
6 562.13 64.81 T-G 4.05 1 131.26 0.05 -
7 591.92 -400.03 Üi-G -25.00 1 5000.75 1.79 5
8 516.18 427.59 . T -pH-G :RPM-A-INOC 26.72 1 5713.54 2.04 5
9 267.80 -1620.53 RIM -101.28 1 82066.17 29.30 1
10 427.11 1485.89 T-RPM 92.87 1 68995.91 24.63 1
11 467.29 799.29 pH-RPM 49.96 1 19964.52 7.13 3
12 518.49 310.71 T-lH-RPM:G-A-INOC 19.42 1 3016.90 1.08 -
13 322.89 -185.73 G-RFM -II.61 1 IO77.89 O.38 -
14 563.61 959.05 T T -G-RPM : pH -A -INO G 59.94 1 28743.O3 10.26 2
15 317.51 -269.95 pH -G -RPM :T -A -INO G -16.87 1 2277.28 0.81 - :
16 529.55 -207.05 A-INOC -12.94 1 1339.68 0.48 -
17 392.03 -1316.23 A -82.26 1 54139.42 19.33 1
18 480.52 -576 .85 T-A -36.05 1 IO398.62 3.71 4
19 502.33 111.87 pH-A 6.99 1 391.09 0.14 -
20 483.95 616.33 ■: T -pH-A : RPM -G -INO C 38.52 1 11870.71 4.24 4
21 6l8.67 -59I.35 G-A -36.96 1 IO927.96 3.90 ~
22 338.12 -544.73 T-G-A:pH-RPM-INOC -34.05 1 9272.84 3.31 5
23 454.88 -246.17 pH-G-AîT-RPM-INOC 15.39 1 1893.74 0.68 -
24 296.56 90.97 RPM-INOG 5.69 1 258.61 O.09 -
25 341.76 -92.63 RPM-A -5.79 1 268.13 0.10 -
26 318.22 -138.69 T-RPM-A:pH-G-INOC -8.67 1 6OI.O9 0.21 -
27 368.49 -150.29 Hî-RIM-A îT-G-INOC -9.39 1 705.85 0.25 -
28 409.94 - 21.11 G-INOC -1.32 1 13.93 0.00 -
29 241.47 154 .25 G-RPM-A :T-pH -INOC 9.64 1 743.53 0.27 -
30 337.35 576.95 pH-INOC 37.31 1 III35.92 3.98 4
31 251.10 900.07 T-INOC 56.25 1 23316.44 9.04 2
32 442.15 -I9O.79 INOC -11.92 1 1137.53 0.41 -
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TABLE 5.7: RESULTS OF THE F-TEST ON MAIN AND INTERACTION EFFECTS AS DERIVED 
BY YATES METHOD ON THE YIELD OF CYTOCHROME P-450 IN nMOL PER 
GRAMME DRY WEIGHT OF YEAST
NO YIELD TOTALS IDENTIFICATION FACTORIAL
EFFECTS
d.f. M.S.OF TOTAL 
EFFECTS (S2)
s^ /g2 F-
TEST
1 72.85 1816.89 (GT) 1
2 67.56 -4.09 T ' —0.26 1 0.52 0.01 -
3 63.90 30.93 PH 1.93 1 29.9O 0.49
4 51.11 -86.73 T-pH -5-42 1 235.07 3.82 4
5 58.14 41.13 G 2.57 1 52.86 0.86 -
6 66.45 66.75 T-G 4.17 1 139.24 2.26 5
7 79.88 8.69 pH-G 0.54 1 2.36 0.04 -
8 66.45 -1.49 T-pH-G -O.O9 1 0.07 0.00 -
9 47.27 -I57.O9 RPM -9.82 1 771.16 12.53 1
10 51.44 124.29 T-RPM 7.77 1 482.75 7.85 2
11 63.90 73.95 pH-RPM 4.62 1 170.89 2.78 5
12 58.78 58.57 T-pH-RPM 3.66 1 107.20 1.74 5
13 > 8.55 -28.33 G-RIM -I.77 1 25.O8 0.41 -
14 72.21 63.73 T-G-RPM 3.98 1 126.92 2.06 5
15 52.38 -I.05 pH-G-RPM -O.O7 1 0.03 0.00
16 66.45 -21.51 A-INOC -1.34 1 14.46 0.24 -
17 51.11 -98.35 A -6.15 1 302.27 4.91 -
18 60.64 -31.85 T-A -I.99 1 31.70 0.52 -
19 74.13 -5.23 pH-A -0.33 1 O.85 0.01 -
20 49.83 10.11 T-pH-A O.63 1 3.19 0.05 -
21 75.41 -25.67 G-A —1.60 1 20.59 0.33 -
22 67.09 -35.93 T-G-A -2.25 1 40.34 0.66 -
23 65.17 -34.39 pH-G-A -2.15 1 36.96 0.60 -
24 47.27 26.99 RPM-INOC 1.69 1 22.76 0.37 -
25 53.66 -26.97 RPM-A -I.69 1 22.73 0.37 -
26 48.55 3.73 T-RPM-A 0.23 1 0.43 0.01 -
27 49.83 23.15 pH-RPM-A 1.45 1 16.75 0.27 -
28 53.02 38.45 G-INOC 2.40 1 46.20 0.75 -
29 33.84 -33.13 G-RPM-A 52.07 1 34.30 0.56 -
30 47.91 12.89 pH-INOC 0,81 1 5.19 0.08 -
31 50.47 144.43 T-INOC 9.O3 1 651.88 10.59 2
32 61.34 -49.99 INOC -3.12 1 78.09 1.27 -
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TABLE 5.8: RESULTS OF F-TEST ON MAIN AND INTERACTION EFFECTS AS DERIVED BY 
YATES METHOD ON THE YIELD OF BIOMASS (DRY) PER LITRE
NO YIELD TOTALS IDENTIFICATION FACTORIAL
EFFECT
d.f. M.S.OF TOTAL 
EFFECT (S2)
s2//]
:
P-
CEST
1 8.43 263.20 (GT) - 1
2 9.03 14.40 T 0.90 1 6.48 14.50 1
3 8.7O 0.66 IH 0.04 1 0.01 0.02 -
4 7.74 7.34 T-pH O.50 1 1.68 3.76 4
5 9.12 -7.30 G -0.46 1 1.67 3.74 4
6 9.23 -3.22 T-G -0.20 1 O.32 O.72 -
7 8.07 -11.48 pH-G -O.72 1 4.12 9.22 2
8 7.94 8.80 T-pH-G O.55 1 2.42 5.41 3
9 5.67 1 4.90 RPM O.31 1 0.75 1.68 5
10 10.26 19.14 T-RPM 1.20 1 11.45 25.62 1
11 7.63 5.56 pH-RPM 0.35 1 0.97 2.17 5
12 10.73 -1.84 T-pH-RPM -0.12 1 0.11 O.25 -
13 8.29 2.08 G-RPM -0.13 1 0.14 O.31 -
14 8.51 8.56 T-G-RPM 0.54 1 2.29 5.12 4
15 7.79 —8.90 pH—G—RPM -O.56 1 2.48 5.55 3
16 10.26 6.42 A-INOC 0.40 1 1.29 2.89 5
17 8.43 -11.60 A “0.73 1 4.21 9.42 2
18 7.86 -5.6O T-A -0.35 1 O.98 2.19 5
19 7.02 0.02 pH-A 0.00 1 0.00 0.00 —
20 9.71 9.42 T-pH-A 0.59 1 2.77 6.20 3
21 8.66 -9.34 G—A -0.58 1 2.73 6.11 3
22 5.04 6.10 T-G-A 0.38 1 1.16 2.60 5
23 7.33 -6.48 pH-G-A -0.41 1 1.31 2.93 5
24 6.84 -I.32 RPM-INOG -0.08 1 0.05 0.11 -
25 7.38 3.14 RPM-A 0.20 1 0.31 0.69
26 7.53 -2.38 T-RPM-A -O.15 1 0.18 0.40 -
27 9.96 -8.52 pH-RPM-A -O.53 1 2.27 5.08 4
28 9.17 -6.96 G-INOC -0.44 1 1.51 3.38 4
29 7.89 1.88 RPM-A 0.12 1 0.11 0.25 -
30 9/94 19.24 pH-INOC 1.20 1 11.57 25.88 1
31 4.03 -9.18 T-INOC -O.57 1 2.63 5.88 3
32 9.01 1.58 INOC 0.10 1 0.08 0.18 -
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TABLE 5.9: NORMAL EQUATIONS 
(ij)= X'X
P-450
nmol/l
P-450 
nmol/g dry
BIOMASS 
g dry/l
13871.31
449.01
170.65
-42.53
-1620.53
-1316.23
-I9O.79
1876.89
-4.09
30.93
41.13
-157.09
-98.35
-49.99
263.20
14.40
0.66
-7.30
4.90
-11.60
1.56
TABLE 5.10: INVERSE MATRIX
D.. = (X'X)'1
-LJ
TABLE 5.11: SOLUTIONS
CONSTANT P-450(nmol/l) P-450(nmol/g dry) BIOMASS(g dry/l)
*0 433-48 58.65 8.23
bi 14.03 -0.13 0.45
b2 5.33 0.97 0.02
b3 -I.33 1.29
-O.23
b4 -50.64 -4.91 0.15
b4 -41.13 -3.O7 -O.36
b6 -5.96 -I.56 0.05
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TABLE 5.12; PERFORMANCE OF THE LINEAR EQUATION FOR THE YIELD OF
CYTOCHROME P- 450 IN nMOL 1ER LITRE
NO ACTUAL
YIELD
PREDICTED
YIELD
M.S.ERROR
1 531.67 513.18 341.88
2 576.68 529.32 2242.97
3 510.38 5II.92 2.37
4 359.60 55I.9O 36979.29
5 530.20 '501.26 843.32
6 562.13 538.58 554.60
7 591.92 52I.I8 5OO4.I5
8 516.18 537.32 446.90
9 267.80 399.98 17471 .55
10 ; 427.11 439.96 I65.I2
11 467.95 422.56 2060 .25
12 518.49 438.70 6366.44
13 322.89 409.24 7456.32
14 563.61 425.38 19107.53
15 317.51 407.98 8184.82
16 529.55 447.96 6656.93
17 392.09 419.00 724.15
18 480.52 458.96 464.83
19 502.33 441.58 3690.56
20 483.95 457.72 688.01
21 618.67 428.26 36255.97
22 338.12 444.40 11295 .44
23 454.88 427.00 777.29
24 296.56 466.98 29042.98
25 341.76 329.64 146.89
26 318.22 345.78 759.55
27 368.49 328.38 1608.81
28 469.94 368.36 10318.50
29 241.4? 315.06 5415.49
30 337.35 355.04 312.94
31 251.10 337.63 7487.44
32 442.15 353.98 7809.26
STATISTICAL QUANTITIES VALUES
S.S.ERRORS 230679.55
d.f. 25
M.S.ERRORS (S2 ) 9227.I8
R.M.S.ERRORS 96.06
MEAN OF ACTUAL YIELD 433.48
R.M.S.ERROR AS # OF
MEAN OF ACTUAL YIELD 22.1#
3.29
f0.95 25:8
3.11
F-TEST 3
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TABLE 5*13: PERFORMANCE ■ OF THE LINEAR EQUATION FOR THE YIELD OF
BIOMASS IN GRAMME DRY WEIGHT PER LITRE
NO ACTUAL
DATA
PREDICTED
DATA
ERROR
SQUARED
1 8.15 8.43 0.08
2 9.24 9.03 0.04
3 8.29 8.70 0.17
4 9.09 7.74 1.82
5 7-79 9.12 1-77
6 8.59 '9.23 0.41
7 7-73 8.07 0.12
8 8.73 7.94 0.62
9 8.55 5.67 8.29
10 9.35 10.26 O.83
11 8.49 7.63 0.74
12 9.49 10.73 1.54
13 7.99 8.29 0.09
14 8.99 8.51 0.23
15 8.13 7.79 0.12
16 8.93 10.26 1.77
17 7-53 8.43 0.81
18 8.33 7.86 0.22
19 7.47 7.02 0.20
20 8.47 9.71 1.54
21 6.97 8.66 2.86
22 7-97 5-04 8.58
23 7.11 7.33 0.05
24 7.91 6.84 1.14
25 7*73 7.38 0.12
26 8.73 7.53 1.44
27 7.87 9.96 4.37
28 8.67 9.17 O.25
29 7.37 7.89 O.27
30 8.17 9.94 3.13
31 7.31 4.03 10.76
32 8.31... 9.01 O.49
STATISTICAL QUANTITIES VALUES
S .S .ERRORS 5^ .87
d.f. 25
M.S.ERRORS (S2) 2.I9
R.M.S.ERROR 1.48
MEAN OF ACTUAL YIELD 8.23
R.M.S.ERROR AS % OF
MEAN OF ACTUAL YIELD 18.00%
s V 4.88
f0.975 25:8 3.94
F-TEST j 2
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TABLE 5.14: PERFORMANCE OF THE LINEAR EQUATION FOR THE YIELD 
OF CYTOCHROME P-450 IN nMOL PER GRAMME DRY WEIGHT
NO ACTUAL
DATA
PREDICTED
DATA
ERROR
SQUARED
1 72.85 66.06 46.10
2 67.56 62.81 23.81
3 63.90 64.88 O.96
4 51.11 67.74 276.56
5 58.14 65.52 54.46
6 66.45 70.32 14.98
7 79.88 70.58 86.49
8 66.45 67.20 0.56
9 47.27 53.12 34.22
10 51.74 ' 55.98 17.98
11 63.90 58.18 32.72
12 58.78 54.80 15.84
13 48.55 58.82 105.47
14 72.21 55.44 281.23
15 52.38 57.64 27.67
16 66.45 60.50 35-46
17 51.11 56.80 32.38
18 60.64 59.66 0.96
19 74.13 61.86 150.55
20 49.83 58.48 74.82
21 75.41 62.50 166.67
22 67.09 59.12 63.52
23 65.1? 61.32 14.82
24 47.27 64.18 285.95
25 53.66 50.10 12.67
26 48.55 46.72 3.35
27 49.83 48.92 O.83
28 53-84 51.78 4.24
29 33*84 49.56 247.12
30 47.91 52.42 20.34
31 50.47 54.62 17.22
32 61.34 51.24 102.01
STATISTICAL QUANTITIES VALUES
S.S.ERRORS 2251.94
d.f. 25
M.S.ERRORS (S2) 90.08
R.M.S.ERRORS 9.49
MEAN OF ACTUAL YIELD 58.68
R.M.S.ERROR AS % OF
MEAN OF ACTUAL YIELD 16.17%
1.46
F0.75 25:8
1.60
F-TEST -
8-77
TA
BL
E 
5.
15
: 
TH
E 
PA
TH
 
OF 
ST
EE
PE
ST
 
AS
CE
NT
 
FO
R 
TH
E 
YI
EL
D 
IN 
nM
OL
 
OF 
CY
TO
CH
RO
ME
 
P-
45
0 
PE
R
LI
TR
E 
BA
SE
D 
ON 
TH
E 
■§■ 
RE
PL
IC
AT
E 
FA
CT
OR
IA
L
B
1
R s
H I CO A m
X K VO CO $>-
J cJ VO d i
< VO on Ac°v cn - d -
B
< j
Pd
g
A o i— l 
CM
S d A
A IN- O i
A 1 cn n-
< A A i— i
A
O
<
A
ty A VO VO VO CO64 A ir>* VO ON CMo yH H O 00 in cn>4 O VO cn o
a in VO n-
Pi
o D- VO cn Ao cvi o CO VO
aH ÎN- ts- VO VO
Q o o O
-d" CO CM VO
6\ 00 CO IN-
< rH CO in CM
CM A A i—1
O O Ocn !>- O cn
s CM -d IN- oxVO CM CO -d*
rH A
i—I CM cn cnin A VO cn
d d o\ ox
Ü -3; -d* cn cn
A i—l A ■— i
CM in n- o
s in in in VO
A in in in in
CO cn IN-64
in in vo VO
CM CM CM CM
A CM cn -d"
8-78
T A BLE 5.16 .-THE 22 F A C T O R I A L  E X P E R I M E N T
ON THE V A R I A B L E S  R P M  A ND A I R  F L O W R A T E  
BASED ON THE C E N T R E  POINT r = 1.
o< -1 0 1 UNITS
R PM 140 160 -• 180 r.p.m.
A 190 210 230 m l / m i n
T A B L E  5.17
RUN R P M A ACTUAL YATES M E T H O D
No. (x1 ) (Xg) YIELD 1 2 IDENTIFI F A C T O ­ d.f M.S of
S2/ g 2-CATION R I A L
EFFECT
T O TAL
E F F E C T
1 -1 -1 299.54 779.03 1390.51 (G) 1
2 1 -1 479.49 611.48 281.77 R P M 140.89 1 4962.50 12.74 5
3 -1 1 254.83 179.95 -167.55 A -83.78 1 1754.77 4.51
4 1 1 356.65 101.82 -78.13 R P M - A -39.07 1 389.47 1.0
T A BLE 5.I8 : NORM A L  EQ U A T I O N 
X ZX XY
4 1390.51
4 281.77
4 -167.55
M.S,
ERROR=15"25 . 85 
d . f=10 
S 2/ ^ 2=3.92
F 0 . 7 51:1=5*83
TABLE 5.19 T A B L E  5.20 T A BLE 5.21
INVERSE
MA T R I X
1/4
1/4
1/4
S O L UTIONS E V A L U A T I O N  OF L I N E A R  E Q U ATION
b Q 347 .631 
b x 70.44 
b 2 -41.89
RUN A C T U A L PR E D I C T E D SQUARED
YIELD Y I E L D E R R O R
1 299.54 319.08 381.81
2 479.49 459.96 381.42
3 254.83 235.30 381.42
4 356.65 376.18 382.20
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TABLE 5*22 i THE PATH OF STEEPEST ASCENT BASED ON 
_____________ THE 22 FACTORIAL EXPERIMENT
J RPM A PREDICTED
YIELD
A C T U A L
Y I E L D
D IF F E R E N C E s W F-T E S T
1 177.2 199.8 429.57
2 188.2 193.2 468.31
3 211.6 179.4 593.46
4 228.8 169.2 675.40 634.48 -40.92 4.30
5 246.0 158.8 757.76
6 263.2 148.6 839.70 1100.25 +260.55 174.30 3
7 280.4 138.4 921.65
8 297.6 128.21 1003.59 950.21 -53.35 7.31 5
TABLE 5.23 : THE 1/2 REPLICATE 24 FACTORIAL EXPERIMENT ON THE 
VARIABLES T, pH, RPM AND AIR FLOW RATE BASED ON 
________ THE CENTRE POINT r=6
-1 0 + 1 UNIT
T(°C)
pH
R PM
A
23.4
5.0
230
120
25.4
5.5
260
150
27.4
6.0
290
180
°C
pH unit
r.p.m
m 2/min
TABLE 5*24 î THE PLAN AND THE YIELD OF THE HALF-REPLICATE 
24 FACTORIAL
No T pH R P M A YIELDS
1 -1 -1 -1 -1 1059.54
2 + 1 -1 -1 + 1 1090.36
3 -1 + 1 -1 + 1 748.69
4 + 1 + 1 -1 -1 437.07
5 -1 -1 + 1 + 1 920.95
6 + 1 -1 + 1 -1 1001.88
7 — 1 + 1 + 1 — 1 513.02
8 + 1 + 1 + 1 + 1 404.28
8-80
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TABLE 5.27 : EVALUATION OF THE LINEAR EQUATION FOR THE 1/2
REPLICATE 24 FACTORIAL EXPERIMENT.
RUN ACTUAL YIELD PREDICTED YIELD SQUARED ERROR
1 1059.94 1104.32 1969.58
2 1090.36 1065.26 630.01
3 748.69 649.45 9 848.58
4 437.07 534.54 9500.40
5 920.95 1009.50 7841.10
6 1001.88 894.14 11607.91
7 513.02 478.88 1165.54
8 404.28 439.72 1255.99
d.f.=4 R.M.S . ERROR=l04.67
S2/£2=0.75 F-TEST=-
TABLE 5.28 : THE PATH OF STEEPEST ASCENT BASED ON THE HALF 
REPLICATE 24 FACTORIAL EXPERIMENT.
J T pH RPM AIR PREDICTED
YIELD
ACTUAL
YIELD
DIFFÉRENCE
1 25.1 5.03 253 152 1016.12 1030.35 +14.23
2 24.8 4.56 246 154 1276.38 664.05 -612.33
J s2/^2 F-TEST (YIELD ATJ=0)2/
/YIELD)2
-F-TEST
1 0.01 - 1.14 -
2 25.81 2 2.75 -
8-82
TABLE5»29î-THE 23 FACTORIAL EXPERIMENT ON THE VARIABLES T, pH 
AND RPM BASED ON THE CENTRE POINT r=l
-1 0 + 1
T 23.10 25.1 27.1
4.74 5.04 5.34
RPM 223 253 283
TABLE 5.3O :THE PLAN AND RESULT OF THE 23 FACTORIAL 
EXPERIMENT.
YIELDS
No T pH RPM n.mo 1/1 nmol/g(dry) BIOMASS(g.dry/l)
1 795.09 93.92 8.47
2 759.56 91.98 9.12
3 530.52 83.06 6.75
4 655.88 93.26 7.03
5 707.09 84.97 8.32
6 900.16 100.95 10.92
7 878.90 83.08 8.71
8 635.76 102.86 7.65
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TABLE 5.34 V NORMAL EQUATION
(i j)-X'X (iy)
8 5862.96
8 39.76
8 -460.84
8 380.86
TABLE 5.35 ; INVERSE MATRIX SOLUTIONS
1/8 bo 732.87
1/8 > 1 4.97
1/8 b 2 -57.61
1 /8 b3 47.61
TABLE 5.36 : EVALUATION OF THE LINEAR EQUATION FOR THE YIELD 
OF CYTOCHROME P-450 IN hMOL.PER LITRE FOR THE 23 
FACTORIAL EXPERIMENT.
RUN ACTUAL YIELD PREDICTED YIELD SQUARED ERROR
1 795.09 737.90 3270.70
2 759.56 747.84 137.36
3 530.52 622.68 8493.47
4 655.88 632.62 541.03
5 707.09 833.12 15883.56
6 900.16 843.06 3260.41
7 878.90 717.90 25921.00
8 635.76 727.84 8478.73
d.f=8 .4, R.M.S .ERROR= 128.44
S2/tf2=2.31 F-TEST= -
8-87
TABLE 5 .3 7 •EVALUATION OF THE LINEAR EQUATION FOR THE 23
FACTORIAL EXPERIMENT FOR THE YIELD OF CYTOCHROME
P-450 IN ilMOL/G.DRY WT.
SOLUTIONS RUN ACTUAL YIELD PREDICTED YIELD SQUARED ERROR
bo 89.6039 1 93.92 91.19 7.43
bl -1.1198 2 91.98 88.95 9.19
b2 0.4818 3 83.06 89.92 82.79
b3 0.9503 4 93.26 89.29 11.16
5 84.97 87.05 18.65
6 100.95 90.26 2.07
7 83.08 88.02 114.30
8 102.86 91.49 24.34
d.f=4, R.M.S.VARIANCE=8.21
S2/d2=3.89 F-TEST= 5
TABLE 5.38: EVALUATION OF THE LINEAR EQUATION FOR THE 23 
FACTORIAL EXPERIMENT FOR THE BIOMASS YIELD IN 
G.DRY.WT.PER LITRE
SOLUTIONS RUN ACTUAL YIELD PREDICTED YIELD SQUARED ERROR
bo 8.3710 1 8.4658 8.3669 0.0098
bl 0.3098 2 9.1159 8.9865 0.0168
b2 -0.8353 3 6.7509 6.6963 0.0030
b3 0.5296 4 7.0330 7.3159 0.0800
5 8.3213 9.426 0 1.2203
6 10.9219 10.0456 0.7679
7 8.7066 7.7554 0.9047
8 7.6522 8.3750 0.5225
d.f=4,R.M.S VARIANCE =0.9 38 7
S2/62=l.76 F-TEST=-
8 - 8 8
TABLE 5.39 : ERROR VARIANCE PER EXPERIMENTAL UNIT (d2) FOR 
VARIOUS YIELD EXPRESSIONS AS DERIVED FROM THE 
REPLICATED CENTRE POINT OF THE 23 FACTORIAL.
NO STATISTICAL P-450. P-450 G.DRY 1 1 TIME
QUANTITY nMOL I-1 nMOL.G.DRY-1 (hour)
1 1030.35 124.59 8.27 32
2 1019.20 116.28 8.77 40
3 1091.72 131.61 8.30 28
4 1178.82 142.47 8.27 32
5 961.78 116.92 8.23 36
6 903.02 123.95 7.29 36
MEAN VALUE 1030.82 125.97 8.19 34
S.S.ERRORS 46847.41 485.84 1.17 88
M.S.ERRORS(S2) 9369.48 97.17 0.23 17.6
R.M.S.ERROR 96.80 9.86 0.48 4.20
8-89
TABLE 5»^0:COMPLIMENTARY POINTS TO MAKE THE 23 FACTORIAL 
EXPERIMENT INTO A COMPOSITE DESIGN.
R
U
N T PH RPM
HELD 
IN n MOL 
P_45o/ 1
YIELD IN 
nMOL 
P_45Q/g (dry)
YIELD OF 
BIOMASS(g.dry/1)
9 -1.682 0 0 1038.36 102.8629 11.4981
10 1.682 0 0 844.85 111.1686 7.6436
11 0 -1.682 0 952.40 84.3612 12.2188
12 0 1.682 0 978.85 111.8085 10.3062
13 0 0 -1.682 762.92 86.2797 8.8424
14 0 0 1.682 814.95 102.2100 7.9721
TABLE 5.4l:LEVEIS OF THE EXPERIMENTAL VARIABLES IN THE
COMPLIMENTARY POINTS MAKING THE COMPOSITE DESIGN.
VARIABLES —1.682 1.682 UNITS
T 21.74 28.46 °C
pH 4.54 5.54 H UNITS
RPM 202.5 303.5 RPM
TABLE FORMULAE FOR THE CALCULATION OF REGRESSION
5.42 COEFFICIENTS OF THE QUADRATIC EQUATION FOR THE
23 FACTORIAL COMPOSITE DESIGN AND SIXPOINT CENTRE
_________ (COCHRAN & COX, 1957)
COEFF. FORMULAE
bo
b
i
bii
bij
0.166338(oy)-0.056791 2> (iiy)
0.073224(iy)
0.062500(iiy)+0.006889]E(iiy)-0.056791(oy) 
0.125000(ijy)
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TABLE 5.43 : THE X-MATRIX
NO Xo Xi X.2 *3 Xll *22 %33 Xl2 X 13 X 23
1 1 1
2 1 1
3
4
5
6
7 1 1
8 1 1
9 1 -1.682 0 0 2.829 0 0 0 0 0
10 1 1.682 0 0 2.829 0 0 0 0 0
11 1 0 -1.682 0 0 2.829 0 0 0 0
12 1 0 1.682 0 0 2.829 0 0 0 0
13 1 0 0 -1.682 0 0 2.829 0 0 0
14 1 0 0 1.682 0 0 2.829 0 0 0
15 1 0 0 0 0 0 0 0 0 0
16 1 0 0 0 0 0 0 0 0 0
17 1 0 0 0 0 0 0 0 0 0
18 1 0 0 0 0 0 0 0 0 0
19 1 0 0 0 0 0 0 0 0 0
20 1 0 0 0 0 0 0 0 0 0
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TABLE 5.44 î THE SUM OF PRODUCT OF THE X-MATRIX AND THE 
Y-COLUMN MATRIX AND THE CALCULATED REGRESSION COEFFICIENTS 
OF THE QUADRATIC EQUATION FOR THE YIELD ON CYTOCHROME P-450 
IN nMOL PER LITRE.
NO SUM OF PRODUCT REGRESSION COEFFICIENTS
1 0y 17440.18 bo 1035.73
2 iy -285.72 bl -20.92
3 2y -416.35 b2 -30.49
4 3y 468.37 b3 34.30
5 lly 11190.56 bll -64.77
6 22y 11326.46 b22 -56.28
7 33y 10326.75 b33 -118.76
8 12y -275.32 b 12 -34.42
9 13y -139.90 b13 -17.49
10 23y 275.66 b23 34.46
TABLE 5.45 : THE SUM OF PRODUCT OF THE X-MATRIX AND THE 
Y-COLUMN MATRIX AND THE CALCULATED REGRESSION COEFFICIENTS 
OF THE QUADRATIC EQUATION FOR THE YIELD ON CYTOCHROME p 450 
IN nMOL PER G.DRY WT.
NO SUM OF PRODUCT REGRESSION COEFFICIENTS
1 °y 2088.59 bo 126.16
2 iy 58.00 bl 4.25
3 2y 36.61 b2 2.68
4 3y 36.43 b3 2.67
5 lly 1339.57 bll -8.05
6 22y 1289.04 b22 -11.21
7 33y 1267.32 b33 -12.57
8 l2y 15.94 b12 1.99
9 13y 27.50 bl 3 3.44
10 23y 9.60 b23 1.20
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TABLE 5.46 : THE SUM OF PR O D U C T  OF THE X - M A T R I X  A N D  THE 
Y - C OLUMN M A T R I X  AND T HE C A L C U L A T E D  R E G R E S S I O N  C O E F F I C I E N T S
OF THE Q U A D R A T I C  E Q U A T I O N  F OR THE Y I ELD OF BIOMASS IN 
G . DRY WT. PER LITRE.
NO SUM OF P R O DUCT R E G R E S S I O N  C O E F F I C I E N T S
1 Oy 174.48 bo 8.23
2 iy
o0■^r1
b l -0.29
3 2y -9.90 b2 -0.73
4 3y 2.77 b3 0.20
5 1 ly 121.12 b ll 0.18
6 22y 130.69 b22 0.78
7 33y 114.54 b33 i o t
o u>
8 12y -4.02 b12
oin01
9 13y 0.61 b13 0 .08
10 23y 0.91 b23 0.11
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TABLE 5.4?
EVALUATION OF THE QUADRATIC EQUATION FOR THE YIELD
OF CYTOCHROME P-450 IN nMOL PER LITRE
NO P R E D I C T E D  DATA A C T U A L  DAT A E R R O R  SQUARED
1 795.58 795.09 0.24
2 857.56 759.56 9603.98
3 734.52 530.52 41615.95
4 658.82 655.88 8.64
5 830.24 707.09 15165.93
6 822.26 900.16 6068.41
7 907.02 878.90 790.73
8 761.36 635.76 15775.35
9 887.67 1038.36 22706.02
10 817.30 844.85 758.99
11 927.79 952.40 605.60
12 825.22 978.85 23601.35
13 642.05 762.92 14609.44
14 757.44 814.95 3307.88
15 1035.73 1030.35 28.94
16 1035.73 1019.20 273.24
17 1035.73 1091.72 . 3134.88
18 1035.73 1178.82 20474.77
19 1035.73 961.78 5468.60
20 1035.73 903.02 17611.93
M.S .E R R O R  40322.17
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TABLE 5.48
EVALUATION OF THE QUADRATIC EQUATION FOR THE YIELD
OF CYTOCHROME-P-450 IN nMOL. PER GRAMME DRY WEIGHT
NO PR E D I C T E D  DATA A C T U A L  D A T A E R R O R  S Q U A R E D
1 91.37 93.92 6.52
2 89.00 91.98 8.89
3 90.34 83.06 53.03
4 95.95 93.26 7.21
5 87.43 84.97 6.03
6 98.81 100.95 4.58
7 91.20 83.08 65.97
8 110.56 102.86 59.26
9 96.24 102.86 43.86
10 110.52 111.17 0.42
11 89.94 84.36 31.10
12 98.96 111.81 165.23
13 86.12 86.28 0.03
14 95.09 102.21 50.67
15 126.16 124.59 2.46
16 126.16 116.28 97.57
17 126.16 131.61 29.72
18 126.16 142.47 266.08
19 126.16 116.92 85.34
20 126.16 123.95 4.88
M.S .E R ROR 197.77
8-95
TABLE 5 . 4 9  Î EVALUATION OF THE QUADRATIC EQUATION FOR
THE YIELD OF BIOMASS IN O.DRY.NT. PER LITRE.
NO PR E D I C T E D  D A T A A C T U A L  D A T A E R R O R  S Q U A R E D
1 9.46 8.47 0.99
2 9.73 9.12 0.37
3 8.79 6.75 4.15
4 7.04 7.03 0.00
5 9.48 8.32 1.35
6 10.06 10.92 0.74
7 9.27 8.71 0.32
8 7.83 7.65 0.03
9 9.23 11.50 5.13
10 8.25 7.64 0.36
11 11.65 12.22 0.32
12 9.21 10.31 1.20
13 7.24 8.84 2.58
14 7.92 7.97 0.00
15 8.23 8.27 0.00
16 8.23 8.77 0.29
17 8.23 8.30 0.00
18 8.23 8.27 0.00
19 8.23 8.23 0.00
20 8.23 7.29 0.89
M.S .E R R O R  3 . 7 5
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TABLE 5 . 5 3  : OPTIMUM POINT COORDINATES FOR THE YIELD OF
CYTOCHROME P-450 IN nMOL. PER LITRE.
V A R I A B L E D I M E N S I O N A L  V A L U E .L E V E L UNITS
T -0.13 24.8 °C
P H -0.19 4.98 pH U N ITS
R P M 0.13 257.00 R P M
P R E D I C T E D  M A X I M U M  Y I E L D = 1 0 4 2 .17 
M E A N  Y I E L D  AT  C E N T R E  P O I N T=1030 .82
TA B L E  5.54 : O P T I M U M  P O I N T  C O O R D I N A T E S  FOR THE Y I E L D  OF 
CY T O C H R O M E  P-450IN nMOL. PER G .DRY YEAST.
V A R I A B L E D I M E N S I O N A L  V A L U E L E V E L UNITS
T
p H
R P M
0.32
0.16
0.16
25.7
5.09
258.00
°C
.pH U N ITS 
R P M
P R E D I C T E D  M A X I M U M  Y I E L D = 1 2 7 .25 
M E A N  Y I E L D  AT  C E N T R E  P O I N T = l 25.97
T A B L E  5.55 ; O P T I M U M  P O I N T  C O O R D I N A T E S  FOR THE Y I E L D  OF 
BIOMASS IN G . DRY W E I G H T  PE R  LITRE.
V A R I A B L E D I M E N S I O N A L  V A L U E L E V E L UNITS
T 2.09 29.29 °C
p H 1.07 5.36 p H  U N ITS
R P M 1.05 285.00 RPM
P R E D I C T E D  M A X I M U M  Y I E L D = 7 . 6 5  
MEAN Y I E L D  AT  C E N T R E  P O I N T = 8 .19
8*99
TABLE 5*56.1 TABLE 5-56.2
COEFFICIENTS OF PARAMETERS,OF THE PRINCIPAL AXIS OF THE
CANONICAL FORM CANONICAL FORM FOR THE YIELD OF
F O R  THE Y I E L D  OF P - ^ O  IN nMOL. PER LITRE.
C Y T O C H R O M E  p J ^ O
r  .Lj£\ j.
T p H R P M
COEFF. V A L U E P R I N C I P A L  AXIS ( x1 ) (%2) ( x 3 )
A i -77.98 Fi 0.81 -0.58 0.08
A 2 -38.31 f2 0.58 0.78 -0.23
X 3 -123.52 F3 0.07 0.23 0.97
T A B L E  5 -57-1 T A B L E  5.57.2
C O E F F I C I E N T S  OF P A R A M E T E R S  OF THE P R I N C I P A L  AXIS OF THE
C A N O N I C A L  FOR M C A N O N I C A L  F O R M  FOR T H E  Y I E L D  OF
F OR THE Y I E L D  OF P-450 IN nMOL. PER G . D R Y . W E I G H T •
C Y T O C H R O M E  P-450
IN n M O L  PER G.DRY
T P.H R P M
COEFF. VA L U E P R I N C I P A L  AXIS ( x x ) (Xg) ( x3 )
-7.15 F1 0.91 -0.30 -0.29
-11.49 F2 0.27 0.95 — 0.14
^ 3 -13.18 F 3 0.32 0.05 0.95
T A B L E  5.58.1 T A BLE 5.58.2
C O E F F I C I E N T S  OF P A R A M E T E R S  OF THE P R I N C I P A L  AXIS OF TH E
C A N O N I C A L  F ORM C A N O N I C A L  F O R M  FOR T HE Y I E L D  OF
F OR THE BIOMASS B I OMASS IN G . D R Y  W E I G H T  PER LITRE.
Y I E L D  IN G.DRY
W E I G H T PER LITRE
T PH R P M
C O E F F . V A L U E P R I N C I P A L  AXIS ) ( x2 ) (x3)
A l 0.10 Fi 0.93 1 O U
) -0.15
A 2 -38.31 f2 0.33 0.94 -0.09
^3 -123.52 F3 0.17 0.04 0.99
8 - 1 0 0
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TABLE 5.62 : PREDICTIONS OF THE CANONICAL FORtyS
NO nMO L . P E R .  LITRE. n M O L .P E R .G .DRY G . D R Y . P E R . L I T R E
A C T U A L PR E D I C T A C T U A L P R E DICT A C T U A L P R E D I C T
1 795.09 781.60 93.92 73.04 8.47 8.00
2 759.56 729.53 91.98 . 96.83 9.12 7.65
3 530.52 755.87 83.06 85.18 6.75 8.30
4 655.88 842.31 93.26 99.32 7.03 7.70
5 707.09 927.63 84.97 88.78 8.32 8.12
6 900.16 808.92 100.95 99.09 10.92 7.66
7 878.90 765.37 83.08 103.16 8.71 8.46
8 635.76 785.18 102.86 103.82 7.65 7.75
9 1038.36 . 869.67 102.86 92.31 11.50 8.54
10 844.85 842.54 111.17 112.88 7.64 7.65
11 952.40 901.19 84.36 87.19 12.22 7.72
12 978.85 859.58 111.81 101.37 10.31 8.05
13 762.92 665.70 86.28 81.03 8.84 7.79
14 814.95 740.46 102.21 98.05 7.97 7.93
15 1030.35 1039.03 124.59 125.53 8.27 7.85
16 1019.20 1039.03 116.28 125.53 8.77 7.85
17 1091.72 1039.03 131.61 125.53 8.30 7.85
18 1178.82 1039.03 142.47 125.53 8.27 7.85
19 961.78 1039.03 116.92 125.53 8.23 7.85
20 903.02 1039.03 123.95 125.53 7.29 7.85
S.S. E. 286361.56 1686.07 53.02
8-1 04
TABLE 5.63:RESULTS OF THE RUNS AT THE CENTRE POINT CONDITIONS1 OF THE 2?
FACTORIAL WITH THE AIR FLOW RATE REPLACED WITH A 
MIXTURE OF AIR (,100ml/min) AND PURE 
OXYGEN(50ml/min).
TIME BIOMASS(g.dry/1) CYTOCHROME P-45C 
(nmol/g.dry)
CYTOCHROME P-450 
nmol/1
(hr) RUNl RUN 2 RUNl RUN 2 RUNl RUN2
0 0.77 0.77 7.03 7.03 5.44 5.44
12 8.14 7.74 20.44 16.61 166.52 128.54
16 8.14 6.65 30.03 38.97 244.39 259.24
24 7.05 6.42 29.39 37.06 207.29 238.08
28 7.05 6.21 29.39 37.06 207.29 230.22
36 7.07 6.10 7.6 7 36.42 54.21 222.06
MAX 8.14 7.74 30.03 38.97 244.39 259.24
MEAN 7.94 34 .50 251 .81
TABLE 5.64: RESULTS OF THE RUNS AT THE CENTRE POINT CONDITIONS 
3
OF THE 2 FACTORIAL WITH THE AIR FLOW RATE REPLACED WITH A 
MIXTURE OF AIR (100ml/min) AND OXYGEN- 
FREE NITROGEN (50ml/min).
TIME BIOMASS(g.dry/1) CYTOCHROME P-45C 
(nmol/g.dry)
CYTOCHROME P-450 
nmol/1
(hr) RUNl RUN 2 RUNl RUN2 RUNl RUN2
0 0.77 0.77 7.03 7.03 5.44 5.44
4 3.42 3.33 11.50 12.78 39.33 42.56
12 7.48 7.79 19.17 21.72 143.37 169.21
24 7.12 8.78 23.00 36.42 163.78 319.82
28 6.51 8.66 24.28 35.78 157.94 309.94
32 5.88 7.76 24.28 36.42 142.80 282.64
MAX 7.12 8.78 24.28 36.42 163.78 319.82
MEAN 7.95 30 .35 241 .80
8-105
TABLE 5.65: EXPERIMENTAL RESULTS FOR TREATMENT BY FACTOR 
ANALYSIS.
RUN T pH RPM A kl9, CYTOCHROME BIOMASS
NO. (°C) pH units r.p.m ml/min hr"1 nmol/1 nmol/
9.dr}
g.dry/1
1 25.0 5.50 200 250 2.16 502.46 58.78 8.73
2 25.4 5.52 162 219 1.08 362.68 42.15 8.87
3 25.8 5.55 125 18 9 0.72 336.81 31.92 10.79
4 26.3 5.57 87 158 0.72 410.73 49.83 8.24
5 25.4 5.52 140 19 0 0.72 374.46 30.00 12.48
6 25.4 5.52 180 190 1.44 479.44 53.72 8.94
7 25.4 5.52 140 230 1.44 254.83 26.22 9.89
8 25.4 5.52 180 230 2.52 373.25 43.43 8.83
9 25.4 5.52 229 169 2.16 657.75 79.24 9.50
10 25.4 5.52 263 149 3.96 1135.11 103.49 12.34
11 .25.4 5.5 2 29 8 • 128 5.7-6 95 0.2-1 93.26 11.10
12 23.4 5.00 2 30 120 2.52 1059.94 120.12 9.57
13 27.4 5.00 23 0 180 1.08 1090.36 129.07 9.03
14 23.4 6.00 230 180 2.16 748.69 85.87 9.82
15 27.4 6.00 230 120 1.44 438.86 52.38 8.88
16 23.4 5.00 290 180 4.68 920.95 88.78 10.92
17 27.4 5.00 290 120 4.32 1001.88 113.72 9.06
18 23.4 6.00 2 90 120 3.96 513.02 66.45 8.56
19 27.4 6.00 290 180 6.84 404.28 52.38 8.49
20 25.1 5.03 253 152 3.24 1033.14 137.44 7.93
21 24.8 4.56 245 154 2.52 664.34 72.21 9.36
22 23.1 4.74 223 152 2.52 795.09 93.92 8.47
23 27.1 4.74 22 3 152 1.44 759.56 91.98 9,12
24 23.1 4.74 283 152 3.60 707.09 84.97 8.32
25 27.1 4.74 283 152 5.04 900.16 100.95 10.92
26 21.7 5.04 253 152 2.52 1038.36 102.86 11.50
27 28.5 5.04 253 152 3.24 844.85 111.17 7.64
28 25.1 5.04 203 152 1.08 762.92 86.28 8.84
29 25.1 5.04 304 152 6.48 814.95 102.21 j 7.97
8-106
TABLE 5.66îF - VALUES
(Interpolated from that of Himmelblau(1970))
V i i Vz
1 2 3 4 5
F0 . 99 F0 . 9 7 5 F0 . 95 F0 . 90 F0 . 75
3 : 5 1 2 . 0 6 7 . 7 6 5 . 4 1 3 . 6 2 1 . 8 8
6 : 5 1 0 . 6 7 6 . 9 8 4 . 9 5 3 . 4 0 1 . 8 9
5 : 5 1 0 . 9 7 7 . 1 5 5 . 0 5 3 . 4 5 1 . 8 9
1 9 : 5 9 . 5 9 6 . 3 5 4 . 5 7 3 . 2 1 1 . 8 8
1 7 : 5 9 . 6 5 6 . 3 9 4 . 5 9 3 . 2 3 1 . 8 8
1 8 : 5 9 . 6 2 6 . 3 7 4 . 5 8 3 . 2 2 1 . 8 8
1 6 : 5 9 . 6 9 6 . 4 1 4 . 6 1 3 . 2 3 1 . 8 8
1 : 8 1 1 . 2 6 7 . 5 7 5 . 3 2 3 . 4 6 1 . 5 4
1 : 1 4 0 5 2 . 2 0 6 4 7 . 7 9 1 6 1 . 0 0 3 9 . 8 6 5 . 8 3
1 : 3 3 4 . 1 2 1 7 . 4 4 1 0 . 1 3 5 . 5 4 2 . 0 3
1 : 2 9 8 . 5 0 3 8 . 5 1 1 8 . 5 1 8 . 5 3 2 . 5 7
4 : 3 2 8 . 7 1 1 1 . 1 0 9 . 1 2 5 . 3 4 2 . 3 9
2 5 : 8 5 . 2 7 3 . 9 4 3 . 1 1 2 . 4 0 1 . 6 0
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TABLE 6.1 : EVALUATION OF THE STATE EQUATION FOR BIOMASS : 
THE LOGISTIC EQUATION (g/l)
RUN T IH . RPM dvi = V i ^ - W
dt
NO X1 X2 x3 *3
ERROR PER EXPTL . PT.
1 -1 -1 -1 ; 0.28 7.88 0.37
2 1 -1 -1 i 0.38 9.19 0.45
3 -1 1 , -1 0.30 6.19 0.34
4 1 1 -1 0.42 6.68 O.I7
5 -1 -1 1 O.36 8.32 0.51
6 1 -1 i ; O.36 IO.67 0.32
7 -1 1 i 0.27 8.62 0.30
8 1 1 i 0.45 7.35 0.35
9 -1.68 0 0 0.20 10.96 0.37
10 1.68 0 0 0.45 7.46 0.21
11 0 -1.68 . o ..... 0.28 11.67 0.40
12 0 1.68 0 O.36 9.71 O.5I
13 0 0 -1.68 0.32 8.13 0.55
14 0 0 1.68 0.27 8.00 0.31
15 0 0 0 O.38 8.19 0.21
16 0 0 0 0.32 7.75 0.49
17 0 0 0 O.43 7.21 0.26
18 0 0 0 O.38 8.17 0.31
19 0 0 0 0.40 7.55 0.40
20 0 0 0 O.36 7.98 0.35
8-108
TABLE 6.2 : EVALUATION OF THE STATE EQUATION FOR CYTOCHROME P-450
PRODUCTION (nmol/l)
dv2/dt = - ksv2
RUN T PH RPM
NO X1 X2 X3 k5
ERROR PER EXPTL. PT.
1 -1 -1 -1 3-99 0.005 33-48
2 1 -1 -1 2.42 -0.04 38.65
3 -1 1 -1 6.69 0.06 24.16
4 1 1 -1 7.27 0.04 25.52
5 -1 -1 1 5.49 0.03 42.21
6 1 -1 1 5.74 0.03 47.14
7 -1 1 1 11.48 0.10 57.71
8 1 1 1 ,,8.6l 0.07 3O.3O
9 -1.68 0 0 5.29 0.02 46.82
10 1.68 0 0 6.15 0.02 51.85
11 0 -1.68 0 8.50 0.08 32.02
12 0 1.68 0 6.36 0.04 89.91
13 0 0 -1.68 3.04 -0.04 #.89
14 0 0 1.68 8.97 0.07 28.80
15 0 0 0 8.17 0.04 62.24
16 0 0 0 6.36 0.03 30.32
17 0 0 0 9.57 0.04 56.17
18 0 0 0 8.18 0.04 39.91
19 0 0 0 8.22 0.05 29.48
20 0 0 0 9.50 0.05 38.71
8-109
TABLE 6.3 : EVALUATION OF THE STATE EQUATION FOR GLUCOSE (g/l)
-dvy'dt = k^ v-j/dt + k^ v-jV^
RUN . T PH RÏM k6 *7 ERROR PER EXPTL. PT.NO X1 X2 X3
1 -1 -1 -1 10.68 -0.02 3.36
2 1 -1 -1 -I.71 -0.14 8.27
3 -1 1 -1 -4.11 -0.01 1.55
4 1 1 -1 11.25 -O.O3 3.95
5 -1 -1 1 2.39 -0.02 2.31
6 1 -1 1 4.89 -O.O3 9.10
7 -1 1 1 -0.20 -0.01 5.23
8 1 1 1 3.27 —0.02 8.29
9 -1.68 0 0 -17.49 0.01 6.54
10 1.68 0 0 10.59 -0.03 5.07
11 0 -1.68 0 -8.22 -0.002 6.19
12 0 1.68 0 8.94 -O.O3 5.27
13 0 0 -1.68 15.81 -0.04 3.92
14 0 0 1.68 28.04 -O.O5 3.24
15 0 0 0 5.94 —0 • 02 5.83
16 0 0 0 11.88 -O.O3 2.74
17 0 0 0 10.00 -O.O3 4.85
18 0 0 0 6.68 -0.02 3.91
19 0 0 0 IO.27 -O.O3 2.95
20 0 0 0 7.87 -O.O3 2.71
8 - 1 1 0
TABLE 6.4 : EVALUATION OF THE STATE EQUATION FOR pH ADDITION 
(ALKALI USAGE) (MOL/1).
dVdt = kgV^
RUN T PH REM k8 ERROR FER EXPTL.PT
NO X1 X2 X3
1 -1 -1 -1 0.009 11.27
2 1 -1 -1 0.009 4.56
3 -1 1 -1 0.03 18.47
4 1 1 -1 0.04 8.23
5 -1 -1 1 0.01 11.71
6 1 -1 1 0.006 4.35
7 -1 1 1 0.03 13.88
8 1 1 1 0.02 19.50
9 -1.68 0 0 0.007 8.46
10 1.68 0 0 0.02 16.11.
11 0 -1.68 0 0.002 4.59
12 0 1.68 0 0.02 8.20
13 0 0 -1.68 0.01 2.73
14 0 0 1.68 0.02 14.64
15 0 0 0 0.02 13.93
16 0 0 0 0.02 18.13
17 0 0 0 0.02 10.15
18 0 0 0 0.02 15.36
19 0 0 0 0.02 12.41
20 0 0 0 0.02 12.31
8 - 1 1 1
TABLE 6.5 : EVALUATION OF THE STATE EQUATION FOR CYTOCHROME P-4jO
PRODUCTION (nmol/l)
dv^ /dt = -t
' V 3  + *10^ 4 * V 2
RUN
NO
T
X1
PH
X2
RPM
X3
k4 k9 . k10 k5
ERROR .PER . 
EXPTL.FT.
1 -1 -1 ~1 -1177.46 5.49 15.65 11.09 12.45
2 1 -1 -1 -1457.OO 0.99 26.24 0.76 12.95
3 -1 1 -1 37.33 -O.39 0.22 0.53 16.51
4 1 1 -1 -356.54 -I.79 30.20 11.01 22.39
5 -1 -1 1 1248.94 -537.51 -475.98 11.14 21.02
6 1 -1 1 814.42 -923.92 -2654.8O 11.14 24.09
7 -1 1 1 86.25 -O.61 -2.39 0.21 44.59
8 1 1 1 29.57 -0.24 -0.20 0.25 21.88
9 -1.68 0 0 2085.71 -I6.OI -I8O.32 8.76 43.61
10 1.68 0 0 -71.67 0.45 5.88 0.72 16.02
11 0 -1.68 0 22.80 -O.29 10.80 0.42 18.24
12 0 1.68 0 -1239.25 7.07 99.78 7.54 51.01
13 0 0 -1.68 5751.94 -428.36 -835.58 11.14 20.40
14 0 0 1.68 -463.22 -8.98 67.78 11.07 15.37
15 0 0 0 -I58O.99 -5.I2 120.24 11.12 32.62
16 0 0 0 -232I.I8 55-42 142.88 11.13 33.00
17 0 0 0 -786.36 -265.71 88.75 11.11 27.9O
18 0 0 . 0 2246.94 -397.O5 -255.82 11.14 19.13
19 0 0 0 48.97 -O.34 -1.66 0.04 13.74
20 0 0 0 -488.46 -25.7O 71.37 11.10 16.80
8-1 1 2
TABLE 6.6 : LINEAR APPROXIMATE EQUATION FOR THE CONSTANT OF THE
LOGISTIC EQUATION FOR BIOMASS
VALUES OF CONSTANT EVALUATION OF THE LINEAR EQUATION
CONSTANT VALUE RUN ACTUAL PREDICTED ERROR
aO 0.3519 NO DATA DATA SQUARED
al 0.0509 1 0.28 0.28 0.00
a2 O.OO86 2 0.38 O.38 0.00
a3
O.OO99 3 0.30 0.30 0.00
4 0.42 0.40 0.00
5 O.36 0.30 0.00
6 O.36 0.40 0.00
7 0.27 0.32 0.00
8 O.45 0.42 0.00
9 0.20 0.27 0.00
10 0.45 0.44 0.00
11 0.28 0.34 0.00
12 O.36 0.37 0.00
13 0.32 0.34 0.00
14 0.27 0.37 0.01
15 O.38 0.35 0.00
16 0.32 0.35 0.00
17 0.43 0.35 0.01
18 0.38 0.35 0.00
19 0.40 0.35 0.00
20 O.36 0.35 0.00
d.f. :l6 M.S. VARIANCE- = 0.00
8 - 1 1 3
TABLE 6.7 : LINEAR APPROXIMATE EQUATION FOR THE CONSTANT ly IN
THE LOGISTIC EQUATION FOR BIOMASS
VALUE OF CONSTANT
CONSTANT VALUE
ao 8.1136
al 0.3606
a2 -O.9OI3
a3
0 .6276
EVALUATION OF THE LINEAR EQUATION
RUN
NO
ACTUAL
DATA
PREDICTED
DATA
ERROR
SQUARED
1 7.88 8.03 0.02
2 9.19 8.75 0.20 /
3 6.19 6.22 0.00
4 6.68 6.95 0.07
5 8.32 9.28 0.93
6 10.67 10.00 0.45
7 8.62 7-48 1.31
8 7.35 8.20 0.72
9 10.96 7.51 II.9O
10 7.46 8.72 1.58
11 11.67 9.63 4.15
12 . 9.71 6.60 9.70
13 8.13 7.06 1.16
14 8.00 9.17 1.36
15 8.19 8.11 0.01
16 7.75 8.11 0.13
17 7.21 8.11 0.81
18 8.17 8.11 0.00
19 7.55 8.11 0.31
20 7.98 8.11 0.02
d.f.=16 M.S.VARIANCE=2.l6
8 - 1 1 4
TABLE 6.8 : QUADRATIC APPROXIMATE EQUATION FOR THE CONSTANT IN
THE LOGISTIC EQUATION FOR BIOMASS
VALUE OF CONSTANT EVALUATION OF THE QUADRATIC EQUATION
CONSTANT VALUE RUN PREDICTED ACTUAL ERROR
aO 0.377 NO DATA DATA SQUARED
al 0.061 1 0,27 0.28 0.00
a2 0.016 2 0.35 O.38 0.00
a3
-0.000 3 0.27 0.30 0.00
all -0.010 4 0.45 0.42 0.00
a22 -0.012 5 0.30 O.36 0.00
a33
-0.019 6 0.36 O.36 0.00
CM
(dH 0.025 7 0.26 0.27 0.00
al3 -0.005 8 0.43 0.45
0.00
a23 -0.007 9 0.25 0.20 0.00
10 0.45 O.45 0.00
11 0.32 0.28 0.00
12 0.37 O.36 0.00
13 0.32 0.32 0.00
14 0.32 0.27 0.00
15 0.38 O.38 0.00
16 0.38 0.32 0.00
17 0.38 O.43 0.00
18 0.38 O.38 0.00
19 0.38 0.40 0.00
20 0.38 O.36 0.00
8 - 1 1 5
TABLE 6.9 : QUADRATIC APPROXIMATE EQUATION FOR THE CONSTANT ly
OF THE LOGISTIC EQUATION
VALUE OF CONSTANT
CONSTANTS VALUE,
a0 7.847
al -0.219
a2 -O.769
a3 0.351
an 0.223
CM
(dVl 0.745
"^33
-0.182
a12 -O.557
al3 -O.9O
a23 0.147
EVALUATION OF QUADRATIC EQUATION
RUN PREDICTED ACTUAL ERROR
NO DATA DATA SQUARED
1 8.77 7.88 0.80
2 9.63 9.19 0.I9
3 8.05 6.19 3.45
4 6.68 6.68 0.00
5 9.36 8.32 1.08
6 9.85 10.67 O.67
7 9.23 8.62 0.37
8 7.50 7.35 0.02
9 8.85 10.96 4.46
10 8.11 7.46 0.42
11 11.25 11.67 0.18
12 8.66 9.71 1.10
13 6.74 8.13 1.92
14 7.92 8.00 0.01
15 7.85 8.19 0.12
16 7.85 7.75 0.01
17 7.85 7.21 0.41
18 7.95 8.17 0.10
19 7.85 7.55 0.09
20 7.85 7.98 0.02
8-116
TABLE 6.10 : LINEAR APPROXIMATE EQUATION FOR THE CONSTANT IN THE
EQUATION FOR CYTOCHROME P-450
VALUES OF CONSTANT
CONSTANT VALUE
al 6.4622
a2 -0.4534
a3 2.O514
% 1.3700
EVALUATION OF LINEAR EQUATION
RUN PREDICTED ACTUAL ERROR
NO DATA DATA SQUARED
1 3.49 3.99 0.25
2 2.59 2.42 0.03
3 7.60 6.69 0.82
4 6.69 7.27 0.33
5 6.23 5.49 0.55
6 . 5.33 5.74 0.17
7 10.34 11.48 1.32
8 9.43 8.61 O.67
9 . 7.22 5.29 3.75
10 5.70 6.15 0.20
11 3.01 8.50 30.09
12 9.9I 6.36 12.64
13 4.16 3.04 : 1*26
14 4.77 8.97 0.04
15 6.46 8.17 2.92
16 6.46 6.36 0.01
17 6.46 9.57 9.67
18 6.46 8.18 2.96
19 6.46 8.22 3.10
20 6.46 9.50 9.24
M.S.error 4.52
8 - 1 1 7
TABLE 6.11 : LINEAR APPROXIMATE EQUATION FOR THE CONSTANT IN
THE EQUATION FOR CYTOCHROME P-4$0
VALUES OF CONSTANT
CONSTANT VALUE
al 0.0352
a2 -0.0121
a3
0.0314
0.0200
EVALUATION OF THE LINEAR EQUATION
RUN PREDICTED ACTUAL ERROR
NO DATA DATA SQUARED
1 0.00 . 0.00 0.00
2 -O.O3 -0.04 0.00
3 0.06 0.06 0.00
4 0.03 0.04 0.00
5 0.04 0.03 0.00
6 0.01 0.03 0.00
7 0.10 0.10 0.00
8 ... 0.07 -. 0.07 0.00
9 0.06 0.02 0.00
10 0.02 0.02 0.00
11 -0.02 0.08 0.01
12 0.09 0.04 0.00
13 0.00 -0.04 0.00
14 0.07 0.07 0.00
15 0.04 0.04 0.00
16 0.04 O.O3 0.00
17 0.04 0.04 0.00
18 0.04 0.04 0.00
19 0.04 0.05 0.00
20 0.04 0.05 0.00
M.S.ERROR =0.00
8-118
TABLE 6.12 : QUADRATIC APPROXIMATE EQUATION FOR THE CONSTANT
IN THE EQUATION FOR CYTOCHROME P^ +50
VALUES OF CONSTANT EVALUATION OF QUADRATIC EQUATION
CONSTANT VALUES RUN PREDICTED ACTUAL ERROR
aO 8.328 NO DATA DATA SQUARED
al -O.I6O 1 3.91 3.99 0.01
a2
O.938 2 4.24 2.42 3.32
a3
I.534 3 5.70 6.69 O.98
all -O.883 4 5.54 7.27 2.97
a22 -O.279 5 7.05 5.49 2.45
a33 -O.783
6 6.57 5.74 O.69
a12 -0.122 7 9.5O 11.48 3.93
al3 -0.202 8 8.53 8.61
0.01
a23 0.164 9 6.10 5.29 0.66
10 5.56 6.15 0.34
11 5.96 8.30 6.43
12 9.12 6.36 7.61
13 3.53 3.04 0.25
14 8.69 8.97 0.08
15 8.33 8.17 0.02
16 8.33 6.36 3.83
17 8.33 9.57 1.54
18 8.33 8.18 0.02
19 8.33 8.22 0.01
20 8.33 9.50 1.38
8-119
TABLE 6.13 : QUADRATIC APPROXIMATE EQUATION FOR THE CONSTANT
IN THE EQUATION FOR CYTOCHROME P-450
VALUES OF CONSTANTS
CONSTANT VALUES
ao 0.041
al -O.OO7
a2 0.014
a3 0.024
al l -O.OO5
a22 0.007
a33 -0.008
a12 0.000
a13 0.006
a23 -0.003
EVALUATION OF QUADRATIC EQUATION
RUN PREDICTED ACTUAL ERROR
NO DATA DATA SQUARED
1 0.01 0.00 0.00
2 -0.02 -0.04 0.00
3 0.04 0.06 0.00
4 0.01 0.04 0.00
5 0.05 O.O3 0.00
6 0.05 O.O3 0.00
7 0.07 0.10 0.00
8 .. 0.07 0.07 0.00
9 0.04 0.02 0.00
10 0.02 0.02 0.00
11 0.04 0.08 0.00
12 0.08 0.04 0.00
13 -0.02 -0.04 0.00
14 0.06 0.07 0.00
15 0.04 0.04 0.00
16 0.04 0.03 0.00
17 0.04 0.04 0.00
18 0.04 0.04 0.00
19 0.04 0.05 0.00
20 0.04 0.05 0.00
M.S. ERROR = 0.00
8 - 1 2 0
TABLE 6.15: EXPERIMENTAL DATA OF RUN (l) IN THE COMPOSITE DESIGN
BASED ON THE FACTORIAL
t
hr
BIOMASS
ê/1
P-450
nmol/l
P-450 
nmol/ g
GLUCOSE
g/1
NaOH
mol/l
0 0.77 5.44 7.03 140.51 0.00
> 2.24 19.98 8.94 I37.5O 5-00
8 3.85 29.49 7.67 131.42 20.00
12 6.28 76.21 12.14 124.78 55-00
16 6.83 218.08 31.95 101.76 70.00
20 7.05 378.46 53.67 80.00 80.00
24 7.31 518.41 70.92 60.05 87.50
28 7.83 620.00 79.22 36.50 95.00
32 8.29 704.32 84.97 13.80 100.00
36 8.47 795.09 93.92 3.94 100.00
TABLE 6.16: EXPERIMENTAL DATA OF RUN (2) IN THE COMPOSITE DESIGN 
BASED ON 2? FACTORIAL
hr
BIOMASS
g/1
p-450
nmol/l
P-450
nmol/g
GLUCOSE
g/1
NaOH
mol/l
0 0.77 5.44 7.03 140.51 0.00
4 3.01 17.32 5.76 112.64 5.00
8 5.78 59.10 10.23 97.99 20.00
12 8.44 8O.99 9.59 81.43 40.00
16 8.69 266.43 30.67 59.51 55.00
20 8.94 468.22 52.38 34.30 65.OO
24 9.12 658.21 72.20 11.43 65.OO
28 8.53
u.
785.05 91.98 3.83 65.OO
8 - 1 2 1
TABLE 6.1?: EXPERIMENTAL DATA OF RUN (3) IN THE COMPOSITE DESIGN
BASED ON THE 2? FACTORIAL
-b
hr
BIOMASS
g/1
P-450
nmol/l
P-450
nmol/g
GLUCOSE
g/1
NaOH
mol/l
0 0.77 5.44 7.03 140.51 0.00
4 2.67 5.12 : 1.92 134.15 12.50
8 3.40 36.95 10.86 121.88 40.00
12 5.21 179.86 34.50 107.90 IO5.OO
16 5.94 303.82 51.11 89.02 180.00
20 5.83 353.90 60.69 14.91 230.00
24 5-77 416.73 72.19 60.42 265.OO
28 6.04 482.28 79.86 54.52 295.OO
32 6.33 525.71 83.06 48.54 317.50
36 6.73 530.52 78.59 38.02 337.50
“ TABLE 6.18 r EXÎERIMENTAL DATA OF RUN (4) IN TEE" COMPOSITE DESIGN 
BASED ON THE 23 FACTORIAL
*
hr
BIOMASS
g/1
P-450
nmol/l
P-450
nmol/g
GLUCOSE
g/1
NaOH
mol/l
0 0.77 5.44 7.03 140.51 0.00
4 2.77 31.88 H .51 139.60 25.00
8 5.38 99.75 18.55 125.50 100.00
12 6.11 328.13 53.66 81.08 185.00
16 6.45 440.93 68.36 55.30 250.00
20 6.63 546.78 82.44 34.97 280.00
24 7.03 655.88 93.26 16.33 300.00
8 - 1 2 2
TABLE 6.19: EXPERIMENTAL DATA OF RUN (5) IN THE COMPOSITE DESIGN
BASED ON THE 2? FACTORIAL
t
hr
BIOMASS
g/1
P-450
nmol/l
P-450
nmol/g
GLUCOSE
g/1
NaOH
mol/l
0 0.77 5-44 7.03 140.51 0.00
4 2.87 25 .27 8.82 134.50 12.50
8 4.53 69.52 15.33 115.78 40.00
12 8.42 155 .96 18.53 99.97 7 2 .5 0
16 7.82 409.59 52.38 75.25 90.00
20 8.02 558.42 69.64 50.29 102.50
24 8.22 656.46 79.86 33.61 110.00
28 8.32 707.09 84.97 17.50 115.00
TABLE 6.20: EXPERIMENTAL DATA OF RUN (6) IN THE COMPOSITE DESIGN 
BASED ON THE 23 FACTORIAL
hr
BIOMASS
g/1
P-450
nmol/l
P-450
nmol/g
GLUCOSE
g/1
NaOH
mol/l
0 0,77 5.44 7 .O3 140.51 0.00
4 2.80 21.43 7.67 H 3.92 10.00
8 5.81 85 .3 0 14.69 IO2.78 20.00
12 9.80 244.29 24.92 87.78 30.00
16 10.06 443.72 44.08 54.61 35-00
20 10.34 692.31 66.97 11.48 40.00
24 10.49 898.24 85.61 7-75 45.00
28 IO.92 900.16 82.42 0.00 4 5.OO
8 - 1 2 3
TABLE 6.21: EXPERIMENTAL DATA OF RUN (?) IN THE COMPOSITE DESIGN
BASED ON THE 2? FACTORIAL
ib
hr
BIOMASS
g/1
P-450
nmol/l
P-450
nmol/g
GLUCOSE
g/i
NaOH
mol/l
0 0.77 5.44 7.03 140.51 0.00
4 2.58 27.89 10.80 133.09 2.50
8 4.49 80.31 17.89 108.10 12.50
12 5-92 185.39 31.31 94.65 5O.OO
.16 7.35 549.13 74.75 85.10 115.00
20 8.15 697.98 85.61 48.08 165.00
24 8.47 752.59 88.81 32.25 192.50
28 8.69 832.42 95.84 23.08 210.00
32 8.71 878.9O IOO.95 12.17 215.00
TABLE 6.22: EXPERIMENTAL DATA OF RUN (8) IN THE COMPOSITE DESIGN 
BASED ON THE 2? FACTORIAL
t
hr
BIOMASS
g/1
P-450
nmol/l
P-450 
nmol/ g
GLUCOSE
e / i
NaOH 
mol/1
0 0.77 5.44 7.03 140.51 0.00
4 2.60 36.43 14.03 129.65 7.50
8 6.52 120.88 18.53 107.20 70.00
12 6.79 377.52 55.58 95.26 I45.OO
16 6.97 480.66 69.OO 67.71 I65.OO
20 7.06 582.09 82.44 43.41 I75.OO
24 7.65 635.76 83.08 8.72 182.50
TABLE 6.23: EXPERIMENTAL DATA OF RUN (9) IN THE COMPOSITE DESIGN 
BASED ON THE FACTORIAL
±
hr
BIOMASS
g/1
P-450
nmol/l
P-450
nmol/g
GLUCOSE
g/1
NaOH
mol/l
0 0.77 5.44 7.03 140.51 0.00
4 1.94 14.85 7.67 138.27 0.00
8 3.23 28.92 8.94 132.15 5.00
12 5.01 76.77 15.33 118.63 10.00
16 7.13 236.90 33.22 96.51 17.50
20 8.61 440.29 51.12 75.02 27.50
24 9.68 612.06 63.25 50.25 40.00
28 10.62 699.17 65.83 25.32 60.00
32 II.50 771.35 67.09 0.00 75.00
36 10.09 IO38.36 102.86 0.00 75.00
8 - 1 2 4
TABLE 6.24: EXPERIMENTAL DATA OF RUN (10) IN THE COMPOSITE DESIGN
BASED ON THE 2^  FACTORIAL
t
hr
BIOMASS
g/1
P-450 
nmol/1
P-450
nmol/g
GLUCOSE
g/1
NaOH
mol/l
0 0.77 5.44 7.O3 140.51 0.00
4 3.07 21.54 7.06 I37.36 15.00
8 6.22 47.70 7.67 121.55 75.00
12 6.65 246.53 37.06 94.11 125.00
16 7.31 434.44 59.42 61.20 I65.OO
20 7.54 616.93 81.78 29.31 175.00
24 7.58 755.19 99.68 8.52 175.00
28 7.55 839.79 111.17 3.67 175.00
32 7.64 844.85 110.53 0.00 I75.OO
TABLE 6.25: EXPERIMENTAL DATA OF RUN (ll) IN THE COMPOSITE DESIGN 
BASED ON THE 2? FACTORIAL
t
hr
BIOMASS
g/1
P-450
nmol/l
P-450
nmol/g
GLUCOSE
g/1
NaOH
mol/l
0 0.77 5.44 7.03 140.51 0.00
4 2.67 17.03 6.40 136.67 0.00
8 5.03 51.43 IO.23 126.67 0.00
12 7.67 254.91 33.20 94.50 0.00
16 9.55 463.60 48.55 61.51 2.5O
20 IO.69 689.91 64.54 26.73 10.00
24 11.06 820.03 74.13 9.52 20.00
28 12.22 952.40 77.97. 0.00 20.00
32 11.92 IOO5.83 84.36 0.00 20.00
8 - 1 2 5
TABLE 6.26: EXPERIMENTAL DATA OF RUN (12) IN THE COMPOSITE DESIGN
BASED ON THE 2? FACTORIAL
t
hr
BIOMASS
g/1
P-450
nmol/l
P-450
nmol/g
GLUCOSE
g/1
NaOH
mol/l
0 0.77 5.44 7.03 140.51 0.00
4 2.33 16.40 7.03 I37.22 5.00
8 5-45 59.20 10.81 117.81 32.50
12 9.05 127.18 14.07 100.60 67.50
16 IO.31 350.07 33.95 75.27 IO7.5O
20 9.92 760.62 76.69 40.75 150.00
24 9.53 828.25 86.92 12.30 180.00
28 9.57 922.93 96.45 4.12 I95.OO
32 9.62 950.80 99.54 0.00 I95.OO
36 8.75 978.85 111.81 0.00 195.00
TABLE 6.27: EXIERIMENTAL DATA OF RUN (13) IN THE COMPOSITE DESIGN 
BASED ON THE 23 FACTORIAL
t BIOMASS P-450 P-450 GLUCOSE NaOH
hr g/1 nmol/l nmol/g g/1 mol/l
0 0.77 5.44 7.O3 140.51 0.00
4 2.88 3.69 1.28 139.20 5.00
8 4.93 18.91 3.83 126.72 25.00
12 6.6l 42.23 6.39 104.89 52.50
16 7.20 299.29 41.53 72.15 77.50
20 7.57 479.12 63.25 49.32 95.00
24 7-42 639-84 86.25 22.82 105.00
28 8.84 762.92 86.28 3.81 110.00
TABLE 6.28: EXPERIMENTAL DATA OF RUN (14) IN THE COMPOSITI
BASED ON THE 2r FACTORIAL
t BIOMASS P-450 P-450 GLUCOSE NaOH
hr g/1 nmol/l nmol/g g/1 mol/l
0 0.77 5-44 7.03 140.51 0.00
4 1.76 19.12 IO.87 136.52 10.00
8 3.88 79.33 20.47 127.69 50.00
12 6.26 203.94 32.56 102.51 100.00
16 7.01 434.26 61.98 76.40 125.00
20 . 7.40.. 567.30 76.69 - 49.91 150.00
24 7.61 675.45 88.78 26.97 160.00
28 7.76 743.74 95-81 14.00 165.00
32 7.97 814.95 102.21 0.00 I65.OO
8.126
TABLE 6.29: EXPERIMENTAL DATA OF RUN (l) AT CENTRE POINT IN THE
COMPOSITE DESIGN BASED ON THE 2? FACTORIAL
t
hr
BIOMASS
g/1
P-450
nmol/l
GLUCOSE
g/1
p-450
nmol/g
NaOH
mol/l
0 0.77 5.44 140.51 7.03 0.00
4 2.84 25.38 130.02 8.95 15.00
8 5.75 58.87 II8.3O 10.23 55.00
12 7.00 299.48 82.42 42.79 120.00
16 7-75 534.07 64.08 68.95 150.00
20 8.23 707.58 40.21 85.93 170.00
24 8.44 976.00 13.92 115.64 175.00
28 8.24 IOO8.31 0.00 122.33 180.00
32 8.27 IO3O.35 0.00 124.59 180.00
TABLE 6.30: EXPERIMENTAL DATA OF RUN (2) AT CENTRE POINT IN 
THE COMPOSITE DESIGN BASED ON THE 2? FACTORIAL
t
hr
BIOMASS
g/1
P-450
nmol/l
GLUCOSE
g/1
p-450
nmol/g
NaOH
mol/l
0 0.77 5.44 140.51 7.03 0.00
4 2.85 9.11 139.12 3.20 15.00
8 4.90 52.72 127.12 IO.76 60.00
12 6.28 212.76 104.84 33-84 II5.OO
16 6.76 390.17 78.51 57.73 16O.OO
20 7.10 544.62 51.29 76.69 180.00
24 7.30 653.O8 31.64 89.42 190.00
28 7.85 752.47 11.88 95.81 195.00
32 7.68 795.05 3.96 103.49 200.00
36 8.22 898.41 0.00 IO9.25 200.00
40 8.77 1019.20 0.00 116.28 200.00
8-127
TABLE 6 .31: EXPERIMENTAL DATA OF RUN (3) AT CENTRE POINT IN
THE COMPOSITE DESIGN BASED ON THE 2? FACTORIAL
t
hr
BIOMASS
g/l
P-450 
nmol/1
GLUCOSE
g/l
p-450
nmol/g
NaOH
mol/l
0 0.77 5.44 140.51 7.03 0.00
4 2.71 29.44 136.87 10.87 15.00
8 5.87 67.58 121.16 H .51 60.00
12 7.00 371.16 91.76 53.02 110.00
16 6.55 502.30 66.21 76.69 145.00
20 7.24 721.75 37.56 99.65 165.00
24 7.50 819.84 12.72 109.25 175.00
28 7.29 903.62 0.00 123.95 180.00
TABLE 6.32: EXPERIMENTAL DATA OF RUN (4) AT CENTRE POINT IN 
 --- ~ THE ' COMPOSITE DESIGN BASED ON THE 2? FACTORIAL
t
hr
BIOMASS
g/l
P-450
nmol/l
GLUCOSE
g/l
p-450
nmol/g
NaOH
mol/l
0 0.77 5.44 140.51 7.03 0.00
4 2.45 37.58 134.25 15.35 15.00
8 5.62 93^ 38 118.02 16.63 60.00
12 7.42 360.24 97.28 48.55 120.00
16 8.16 641.83 71.54 78.61 155.00
20 7.30 797.48 44.52 109.25 I75.OO
24 8.32 962.47 21.98 115.64 I85.OO
28 8.47 1049.85 13.68 123.95 190.00
32 8.30 1091.72 0.00 131.61 190.00
8-1 28
TABLE 6.33: EXPERIMENTAL DATA OF RUN (5) AT CENTRE POINT IN
THE COMPOSITE DESIGN BASED ON THE 23 FACTORIAL
t
hr
BIOMASS
g/l
P-450
nmol/l
GLUCOSE
g/l
p-450
nmol/g
NaOH
mol/l
0 0.77 5.44 140.51 7.03 0.00
4 2.6O 13.27 134.95 5.12 15.00
8 5.76 98.79 120.55 17.15 55.00
12 6.9O 334.90 95.94 48.55 115.00
16 7.14 515.56 67.55 72.21 160.00
20 6.97 618.74 37.07 88.78 180.00
24 7.07 773-08 18.02 109.25 190.00
28 7.57 841.27 5.27 111.16 195.00
32 8.21 928.91 0.00 113.08 195.00
36 8.23 961.78 0.00 116.92 200.00
TABLE 6.34 : EXPERIMENTAL DATA OF RUN (6) AT CENTRE POINT IN 
THE COMPOSITE DESIGN BASED ON THE 2? FACTORIAL
t
hr
BIOMASS
g/l
P-450
nmol/l
GLUCOSE
ë/l
p-450
nmol/g
NaOH
mol/l
0 0,77 5.44 140.51 7.O3 0.00
4 1.86 25.92 132.52 8.95 15.00
8 5.72 87.72 121.67 15.35 55.00
12 7.03 354.80 91.13 50.47 120.00
16 7.32 570.21 62.46 77.33 I55.OO
20 8.09 795.89 40.65 98.37 180.00
24 7.54 890.87 19.O8 118.20- 190.00
28 7.92 1032.18 8.87 130.29 195.00
32 8.33 1145.29 0.00 137.44 200.00
36 8.27 1178.82 0.00 142.47 200.00
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FIGURES
3.1. Evaluation of the linear model involving all the
factors for the biomass yield (g dry/l)
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Fig. 3.2: Evaluation of the full model involving all the factors 
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Fig. 3.3: Evaluation of the model involving all the factors
for the specific yield of Cytochrome P-450
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Fig. 3.4-ï Evaluation of the linear model involving all the
factors for the Cost-Yield of Cytochrome P-450
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10'1 : C O M P U T E R  P ROGRAM
INTEGER I,K,M,L,J
DOUBLE PRECISION X1,X2,X3,B1,B2,B3,B4,BX11,BX12,BX13,A, 
1BX21,8X22,8X23,BX31,8X32,8X33,8X41,8X42,8X43,
1C1,C2,C3,C4,Y1,Y2,D1,D2,D3,D4,Z1,Z2,El,E2,E3,E4, 
1F1,F2,F3,F4,ER,H,DH1,DH2,ÜH3,CON1,C0N2,C0N3,
1SUM1,SUM2,K0UNT1,K0UNT2,T,PH,RPM,DH,W 
DIMENSION XI<129,2),X2(129,2),X3<129,2),B1(129,2), 
182(129,2),83(129,2),84(129,2),8X11(129,2),A(4,10), 
18X12(129,2),8X13(129,2),8X21(129,2),8X22(129,2) 
DIMENSION 8X23(129,2),8X31(129,2),8X32(129,2),
18X41(129,2),8X42(129,2),BX43(129,2),Cl(129,2),
1C2(129,2),C3(129,2),C4(129,2),Y1(129,2),Y2(129,2),
101(129,2),D2(129,2),D3(129,2),D4(129,2),Z1(129,2) 
DIMENSION Z2(129,2),El(129,2),E2(129,2),E3(129,2),
1E4(129,2),FI(129,2),F2(129*2),F3(129,2),F4<129,2) 
DIMENSION H(129,2),H12(129,2),
1DH1(129,2),DH2 <129,2),DH3(129,2)
DIMENSION 8X33(129,2),
1RPM(129,2),DH(129,2),T(129,2),PH(129,2)
READ IN VALUES OF COEFFICIENTS OF QUADRATIC APPROXIMATE 
EQUATIONS FOR THE CONSTANTS bi 
READ<5,*)((A(I,J>,1=1,4),J=l,10)
ER=0.1 
CON1=0.01 
C0N2=0.01 
C0N3=0.01
INITIALISATION OF PROFILE
START WITH EXPERIMENTAL VARIABLES AT THEIR
CENTRE-POINT VALUES
DO 10 1=1,129
X1<I,1)=0.0
X2(I,1)=0.0
X3(I » 1)=0.0
H(I,2)=-l.0D7
CONTINUE
X1=TEMPERATURE
X2=PH
X3=RPM
EVALUATION OF THE CONSTANTS IN THE STATE EQUATIONS 
I,K» L SPECIFY THE POSITION ALONG THE TIME AXIS 
M SPECIFY THE NUMBER OF ITERATION DONE
ITERATION FOR PROFILES START
W=0.25
DO 1000 M=1,20 
DO 100 1=1,129
81(1, 1)=A(1, 1)+A( 1,2)#XKI, 1)+A(1,3)*X2(I,1) + 
1A(1,4)*X3(I,1)+A(1,5)*X1(1,1)*X1(1,1)+ 
1A(1,6)*X2(I,1)*X2(I,1)+A(1,7)*X3(I,1)*X3(I,1)+ 
1A(1,8)*X1(I,1)*X2(I,1)+A(1,9)*X1(I,1)*X3(I,1)+ 
1A(1,10)*X2(I,1)*X3(I,1)
B2(I,1)=A(2,1)+A(2,2)*X1(I,1)+A(2,3)*X2(I,1)+ 
1A(2,4)*X3(I,1)+A(2,5)*X1(I,l)*Xl(f,l)+ 
1A(2,6)*X2(I,1)*X2(I,1)+A(2,7)*X3(I,1)*X3(I,1)+ 
1A(2,8)*X1(I,1)*X2(I,1)+A(2,9)*X1(I,1)*X3(I,1)+ 
1A(2,10)*X2(I,1)*X3(I,1)
83(1,1)=A(3,1)+A(3,2)*Xl(I,1)+A(3,3)*X2(I,1)+ 
1A(3,4)*X3(I,1)+A(3,5)*X1(I,1)*X1(I,1)+ 
1A(3,6)*X2(I,1X*X2(I,1)+A(3,7)*X3(I,1)*X3(I,1)+ 
1A(3,8)*X1(I, 1)*X2(I, 1)+A<3,9)*XKI, 1)*X3(I, 1 ) + 
1A(3,10)*X2(I,1)*X3(I,1) 
B4(I,1)=A(4,1)+A(4,2)*X1(T,1)+A(4,3)*X2(I,1)+ 
1A(4,4)*X3(I,1)+A(4,5)*X1(I,1)*X1(I,1)+ 
1A(4,6)*X2(I,1)*X2(I,1)+A(4,/)*X3(I,1)*X3(I,1)+ 
1A(4,8)*X1(I,1)*X2(I,1)+A(4,9)*X1(I,1)*X3(I,1)+ 
1A(4,10)*X2(I,1)*X3(I,1)
BX11=DB1/DX1,BX12=DB1/DX2,BX13=DB1/DB3 
BX21=DB2/DX1,BX22=DB2/DX2,8X23=882/0X3 
BX31=DB3/DX1,BX32=DB3/DX2, 8X33=D83/DX3 
8X41=884/8X1,8X42=884/8X2,8X43=884/8X3
10-1
c
BX11(I,1)=A(1,2)+2.0*A(1,5)*X1(1,1)+ 
1A(1,8)*X2(I,1)+A(1,9)*X3(I,1) 
BX12(I,1)=A(1,3)+2.0*A(1,6)*X2(I,1)+ 
1A(1,3)*X1(I,1)+A(1,10)*X3(I,1)
6X13(1,1)=A(1,4)+2.0*A(1,7)*X3(I,1)+ 
1A(1,9)*X1(I,1)+A(1,10)*X2(I,1) 
BX21(I,1)=A(2,2)+2.0*A(2,5)*X1(1,1)+ 
1A(2,8)*X2(I,1)+A(2,9)*X3(I,1)
BX22(I,1)=A(2,3)+2.0*A(2,6)*X2(I,1)+ 
1A(2,8)*X1(I,1)+A(2,10)*X3(I,1) 
BX23(I,1)=A(2,4)+2.0*A(2,7)*X3(I,1)+ 
1A(2,9)*X1(I,1)+A(2,10)*X2(I,1)
6X31(1,1)=A(3,2)+2.0*A(3,5)*X1(1,1)4 
1A(3,8)*X2(I,1)+A(3,9)*X3(I,1)
6X32(1,1)=A(3,3)+2.0*A(3,6)*X2(I,1)+
1A(3,8)*X1(I,1)+A(3,10)*X3(I,1)
BX33(I,1)=A(3,4)+2.0*A(3,7)*X3(I,1)+ 
1A(3,9)*X1(I,1)+A(3,10)*X2(I,1)
BX4KI, 1 )=A(4,2)+2.0*A(4,5)*X1(I, 1 > + 
1A(4,8)*X2(I,1)+A(4,9)*X3(I,1) 
BX42(I,1)=A(4,3)+2.0*A(4,6)*X2(I,1)+ 
1A(4,8)*X1(I,1)+A(4,10)*X3(I,1)
6X43(1,1)=A(4,4)+2.0*A(4,7)*X3(I,1)+ 
1A(4,9)*X1(I,1)+A(4,10)*X2(I,1)
100 CONTINUE 
C
C NUMERICAL INTEGRATION OF THE BIOMASS EQUATION
C DY1/0T=B1*Y1-B1*Y1*Y1/B2
Y1(1,1)=0.7740 
DO 110 K=2,129 
I=K-1
C1(K,1)=W*(B1(I,1)*Y1(I,1)-B1(I,1)*YKI,1)*
1Y1(I,1)/B2(1,1))
C2(K,l)=W*((((Bl(K,l)-Bl(I,l))/2.0)+Bl(I,l))* 
1(Y1(I,1)+0.5*C1(I,1))- 
1(((Bl(K,l)-Bl(I,l))/2.0)+Bl(I,1))* 
1(Y1(I,1)+0.5*C1(K,1))*(Y1(I,1)+0.5*C1(K,1))/
1(((B2(K,1)-B2(I,1))/2.0)+B2(I,1)>)
C3(K,1)=W*((((61<K,1)-61(I,1))/2.0)+Bl(I,1))*
1(Y1(I,1)+0.5*C2(K,l))-
1( ( (BKK, 1)~61(I, l ))/2.0)+Bl(I, 1) )*
K Y K I ,  1)+0.5*C2(K,1))*(Y1(I,1)+0.5*C2(K,1))/
1<((62(K,1)-B2(I,1))/2.0)+62(1,1))) 
C4(K,1)=W*(B1(K,1)*(Y1(I,1)+C3(K,1))-Bl(K,l)* 
1(Y1(I,1)+C3(K,1))#(Y1(I,1)+C3 < K ,1))/62(K,1))
Y1(K,1)=Y1(!,!)+((Cl(K,1)+2.0*C2(K,1)+ 
12.0*C3(K,l)+C4(K,l))/6.0)
110 CONTINUE
C NUMERICAL INTEGRATION OF THE P450 EQUATION
C DY2/DT=B3*Y1-B4*Y2
Y2(l,l)=7.03 
DO 120 K=2,129 
I=K-1
D1(K,1)=W*(B3(I,1)*Y1(I,1)-64(1,1)*Y2(1,1)) 
D2(K,1)=W*((((B3(K,l)-B3(I,l))/2.0)+B3(I,1))* 
l(((Yl(K,l)-Yl(I,l))/2.0)+Yl(I,l))- 
l(((B4(K,l)-B4(I,l))/2.0)+B4(I,l))*
1(Y2(I,1)+0.5*D1(K ,1)))
D3(K,1)=W*((((B3(K,l)-B3(I,l))/2.0)+B3(I,l))*
1(((Y1(K,1)-Yl(I,1))/2.0)+Yl(I,1))- 
1(((B4(K,1)-B4(I,1))/2.0)+B4(I,1))* 
1(Y2(I,1)+0.5*D2(K,1)))
D4(K,1)=W*(B3(K,1)*Y1(K,1)-B4(K,1)*
1(Y2 <1,1)+D3(K,1)))
Y2(K,1)=Y2(!,!)+(<D1(K,1)+2.0*D2(K,1)+ 
12.0*D3(K,l)+D4(K,l))/6.0)
120 CONTINUE 
C
C BACKWARDS NUMERICAL INTEGRATION OF THE
C SECOND ADJOINT EQUATION
C DZ2/DT=Z2*B4  -----------------------Z2( Tf ) = 1.0
C
Z2(129,1)=1.0 
1 0 - 2
O
O
O
O
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DO 130 K=2,129
L=130-K
I=L+1
E1(L,1)=W*(22(I,1)*B4(I,1))
E2(L,1)=W*((Z2(I,1)-0.5*E1<L,1))*
l(((B4(L,l)-B4(I,l))/2.0)+B4(I,l)))
E4(L,1)=W*((Z2(I,1)-E3(L,1))*B4(L,1))
Z2(L,1)=Z2(!,!)-((El(L,1)+2.0*E2(L,1)+ 
12.0*E3(L,l)+E4(L,l))/6.0)
130 CONTINUE
BACKWARDS NUMERICAL INTEGRATION OF THE 
SECOND ADJOINT EQUATION
DZ1/DT=-Z1*B1+2.0*Z1*Y1*B1/B2-Z2*B3 ZKTf )=0.0
Zl(129,l)=0.0 
DO 140 K=2,129 
L=130-K 
I=L+1
F1(L,1)=W*(-(Z1(I,1)*B1(I,1))+(2.0*Z1(I,1)* 
1Y1(I,1)*B1(I,1)/B2(I,1))-(Z2(I,1)*B3(I,1))) 
F2(L,1)=W*((-(Z1(I,1)-0.5*F1(L,1))* 
l(((Bl(L,l)-Bl(I,l))/2.0)+Bl(I,l)))+ 
1(2.0*(Z1(I,1)-0.5*F1(L,1))* 
l(((Bl(L,l)-Bl(I,l))/2.0)+Bl(I,l))* 
l(((Yl(L,l)-Yl(I,l))/2.0)+Yl(I,l))/
 1((_(B2(L, 1 )-B2( I » 1 ) )/2.0)+B2(I,l) ) )-
l((((Z2(L,l)-Z2(I,l))/2.0)+Z2(I,l)>*
l(((B3(L,l>-83(I,l))/2.0)+B3(I,l))))
F3(L,1)=W*((-(Z1(I,1)-0.5*F2(L,1))*
1(((B1(L,l)-Bl(I,l))/2.0)+Bl(I,l)))+ 
1(2.0*(Z1(I,1)-0.5*F2(L,1))* 
l(((Bl(Lil)-Bl(I,l))/2.0)+Bl(I,l))* 
l(((Yl(L,l)-Yl(I,l))/2.0)+Yl(I,l))/
1(((B2(L,l)-B2(I,l))/2.0)+B2(I,l)))- 
l((((Z2(L,l)-Z2(I,l))/2.0)+Z2(I,l))*
1(((B3(L,l)-B3(I,l))/2.0)+B3(I,l)))) 
F4(L,1)=W*((-(Z1(I,1)-F3(L,l))* 
1B1(L,1))+(2.0*(Z1<I,1)-F3(L,1))*
1YKL, 1)*B1(L,1)/B2(L,1))- 
1(Z2(L,1)*B3(L,1)))
Zl(L,l)=Zl(I,l)-((F1(L,1)+2.0*F2(L,1)+2.0*F3(L,1)+ 
lF4(L,l))/6.0)
40 CONTINUE *
CALCULATION OF THE HAMILTONIAN AND OF dH/dX
DO 130 K=l,129
H(K,1)=Z1(K,1)*B1(K,1)*Y1(K,1)~ 
1Z1(K,1)*B1(K,1)*Y1(K,1)*Y1(K,1)/ 
1B2(K,1)+Z2(K,1)*Y1(K,1)*B3(K,1)- 
1Z2(K,1)*B3(K,1)*Y2(K,1)
dH/dXl=DHl
dH/dX2=DH2
dH/dX3=DH3
DH1(K,1)=Z1(K,1)*Y1(K,1)*BX11(K,1>- 
1Z1CK,1)*Y1(K,1)*Y1(K,1)*BX11(K,1)/B2(K,1)+ 
1Z1(K,1)*Y1(K,1)*Y1(K,1)*B1(K,1)* 
1BX21(K,1)/(B2(K,1)*B2(K,1))+
1Z2(K,1)*Y1(K*1)*BX31(K,1)- 
1Z2(K,1)*Y2<K,1)*BX41(K,1)
C
______ DH2(K,1)=Z1(K,1)*Y1(K,1)*BX12(K,1)-
1Z1(K,1)*Y1(K,1)*Y1(K,1)*BX12(K,1)/B2(K,1)+
1 0 - 3
1Z1(K,1 ) * Y 1 ( K , 1 ) * Y 1 ( K , 1)*
lZ2fK!l)*Yl(Kfl^*BX32(K^l)-'* 
1Z2(K,1)*Y2(K,1)*BX42(K,1)
C DH3(K,1)=Z1(K,1)*Y1(K,1)*BX13(K,U- 
1Z1(K,1)*Y1(K,1)*Y1(K,1)*BX13(K,1)/B2(K,1)+
1 Z K K ,  1)*Y1(K,1)*Y1(K,1)*B1(K,1)*
C STEEPEST_ASCENT OF THE HAMILTONIAN
C DH(kV i )=DH1(K,1)+DH2(K,1)+DH3(K, 1)
IF2 <DÂBSÎDH(Kî 17^ILE?(ER*ER) ). XI (K, 2)=X 1 (K, 1 )
1e IllîliËiiitliillii
C IS H(K,1).LT.H(K,2) ' .
§ g  \ m w m m .  m m - ü
C IF (H(K,1).LE.H(K,2)) GO TO 180
c ^ i T i § ï ( ^ i ? 2 æ D œ ? V ES
X2(K,2)=X2(K,1)+C0N2*DH2(K,1)
177 ^ ? { ï 5 ? î 5 [ : ^ ^ ? ? ? r ^ L ,F8.4,lX,F8.4,2X,F0.4,lX.Fa.4>
8 r < l^ , ? ^ l ? ^ I T I«?K,2,=Xl<K,l)
(X2(K;2):Li:<iif!i2))
178 ^ ? ^ ’2,^ E-<1-682^  X3DHi2)=X3(K,0H2 DH3
1 H12//)
179 FORMAT(14,IX,FS.2,IX,F8.2,IX,F8.2,1X,F8.2,1X,F8.2,1X,F14.1)
180 CONTINUE
C SECOND SET OF DATA
C
DO 200 1=1,129
B1(I,2)=A(1,1)+A(1,2)*X1(I,2)+A(1,3)*X2(I,2)+
lA(il6)*X2(ïl2)*X2(î?2*+A(ll7)*X3(ll2)*X3(I,2)+ 
1A(1,8)*X1(I,2)*X2(I,2)+A(1,9)*X1(I,2)*X3(I,2)+ 
1A(1,10)*X2(I,2)*X3(I,3) v yT
B2(I,2)=A(2,1)+A(2,2)*X1(1,2)+A(2,3)*X2(1,2)+ 
1A(2,4)*X3(I,2)+A(2,5)*X1(I,2)*X1(I,2)+ 
1A(2,6)*X2(I,2)*X2(I,2)+A(2,7)*X3(I,2)*X3(I,2)+
1A(2,8)*X1<I,2)*X2(I,2)+A(2,9)*X1(I,2)*X3(I,2)+ 
1A(2,10)*X2(I,2)*X3(I,2)
i^Ï4?ix^?:üî^l:lUx î i i i I Ï ^ ? i ^ 2<I’2)+
1A(3,6)*X2(I,2)*X2(I,2)+A(3,7)*X3(I,2)*X3(I,2)+ 
1A(3,8)*X1(I,2)*X2(I,2)+A(3,9)*X1(I,2)*X3(I,2)+
^B4Ïi!2)=AÎ4!n+A(4!2)*Xl(I,2)+A(4,3)*X2(I,2) +
lA(4:6j*X2(ïl2)*X2U?2*+A(4l7)*X3(ïl2)*X3(I,2)+
1A(4,8)*X1(I,2)*X2(I,2)+A(4,9)*X1(I,2)*X3(I,2)+
1A(4,10)*X2(I,2)*X3(I,2)
C
1 0 - 4
V /■
u8
C
c
BX11(I,2)=A(1,2)+2.0*A(1,5)*X1(I,2)+ 
1A(1,8)*X2(I,2)+A(1,9)*X3(I,2) . .
BX12(I,2)=A(1,3)+2.0*A(1,6)*X2(I,2)+ 
1A(1,8)*X1(I,2)+A<1,10)*X3(I,2) 
BX13(I,2)=A(1,4)+2.0*A(1,7)*X3(I,2)+ 
1A(1,9)*X1(I,2)+A(1,10)*X2(I,2) 
BX21(I,2)=A(2,2)+2.0*A(2,5)*X1(I,2)+ 
1A(2,8)*X2(I,2)+A(2,9)*X3(I,2) 
BX22(I,2)=A(2,3)+2.0*A(2,6)*X2(I,2)+ 
1A(2,8)*X1(I,2)+A(2,10)*X3(I,2) 
BX23(I,2)=A(2,4)+2.0*A(2,7)*X3(I,2)+ 
1A(2,9)*X1(I,2)+A(2,10)*X2(I,2) 
BX31(I,2)=A(3,2)+2.0*A(3,5)*X1(I,2)+ 
1A(3,8)*X2(I,2)+A(3,9)*X3(I,2) 
BX32(I,2)=A(3,3)+2.0*A(3,6)*X2(I,2)+ 
1A(3,8)*X1(I,2)+A(3,10)*X3(I,2) 
BX33(I,2)=A(3,4)+2.0*A(3,7)*X3(I,2)+ 
1A(3,9)*X1(I,2)+A(3,10)*X2(I,2) 
BX41(I,2)=A(4,2)+2.0*A(4,5)*X1(I,2)+ 
1A(4,8)*X2(I,2)+A(4,9)*X3(I,2) 
BX42(I,2)=A(4,3)+2.0*A(4,6)*X2(I,2)+ 
1A(4,8)*X1(I,2)+A(4,10)*X3(I,2) 
BX43(I,2)=A(4,4)+2.0*A(4,7)*X3(I,2)+ 
1A(4,9)*X1(I,2)+A(4,10)*X2(I,2)
200 CONTINUE 
CC NUMERICAL INTEGRATION OF THE BIOMASS EQUATION
C DY1/0T=B1*Y1-B1*Y1*Y1/B2
Yl(l,2)=0.7740 
DO 210 K=2,129 
I=K-1
Cl(K,2)=W*(Bl(I,2)*Yl(Ii2)-Bl(I,2)*Yl(I,2)* 
1Y1(I * 2)/B2<I » 2))
C2(K,2)=W*((((Bl(K,2)-Bl(I,2))/2.0)+Bl(I,2))* 
1(Y1(I,2)+0.5*C1(K,2))- 
l(((Bl(K,2)-Bl(I,2))/2.0)+Bl(I,2))* 
1(Y1(I,2)+0.5*C1(K,2))*<Y1(I,2)+0.5*C1(K,2))/ 
1(((B2(K,2)-B2(I,2))/2.0)+B2(I,2)))
C3(K,2)=W*((((B1(K,2)-B1(I,2))/2-0)+Bl<I * 2))* 
1(Y1(I » 2 > +0.5*C2(K ? 2 >)- 
K  <(Bl<K,2)-Bl(l72) )/2.0)+Bl(K,2))* 
1(Y1(I,2)+0.5*C2(K,2))*(Y1(I72)+0.5*C2(K,2))/
1(< <B2(K,2)~B2(l7 2))/2.0)+B2(I,2))) 
C4(K,2)=W*<B1<K,2)*(Y1(I,2)+C3(K72))-Bl(K,2)* 
1(Y1(17 2)+C3<K,2))*(Y1(K,2)+C3(K,2))/B2(K,2)) 
Y1(K,2)=Yl(l72) + ((Cl(K » 2)+2.0*C2(K 7 2) + 
12.0*C3(K,2)+C4(K72))/6.0)
210 CONTINUE 
C
C NUMERICAL INTEGRATION OF THE P450 EQUATION
C DY2/DT=B3*Y1-B4*Y2
Y2(l,2)=7.03 
DO 220 K=2,129 
I=K-1
D1(K,2)=W#(B3(I ? 2)#Y1(I,2)-B4(I,2)*Y2(I,2)) 
D2(K72)=W*(((<B3(K,2)-B3(1,2))/2.0)+B3(I,2))* 
K  ( ( Y1 (K, 2)*-Yl ( 1, 2) ) /2« 0>+Yl <1,2) )- 
K  <(B4(K,2)-B4(1,2))/2.0)+B4(1,2))* 
1(Y2(I,2)+0.5*U1(K,2)))
D3(K,2)=W*<(((B3(K,2)-B3(I,2))/2.0)+B3(I,2))* 
1(((Y1(K,2)-Y1(1,2))/2-0)+Yl(l72))- 
1<((B4 < K,2)~B4(1,2))/2.0)+B4(1,2))*
 1 LY2X„L, 2 ).+0. 5*D2 ( K, 2 ) ) )
1 0 - 5
U4(K,2J=W*(W3(K,2)*Y1(K,
1(Y2(17 2)+D3(K ? 2)))
Y2(K,2)=Y2(I,2)+((01(K,2)+2.0*U2(K,2)+ 
12.0*D3(K,2)+D4(K,2))/6.0)
220 CONTINUE
C
C BACKWARDS NUMERICAL INTEGRATION OF THE
C SECOND ADJOINT EQUATION
C DZ2/DT=Z2*B4----- -----------------— 22 ( T f ) = 1. 0
C
Z2(129,2)=1.0 
DO 230 K=2,129 
L=130-K 
I=L+1
EKL,2)=W*(Z2(I,2)*B4(I,2)) 
E2(L,2)=W*((Z2(I,2)-0.5*E1(L,2))* 
l(((B4(L,2)-B4(I,2))/2.0)+B4(I,2))) 
E3(L,2)=W*((Z2(I,2)-0.5*E2(L,2))* 
l(((B4(L,2)-B4(I,2))/2.0)+B4(I,2))) 
E4(L,2)=W*((Z2(I,1)-E3(L,2))*B4(L,2)) 
Z2(L,2)=Z2(I,2)-((E1(L,2)+2.0*E2(L?2)+ 
12.0*E3<L,2)+E4(L,2))/6.0)
230 CONTINUE
C
C BACKWARDS NUMERICAL INTEGRATION OF THE
C FIRST ADJOINT EQUATION
C DZ1/D1=-Z1*B1+2.0*Z1*Y1*B1/B2-Z2*B3------ ZKTf )=0.0
C
Zl(129,2)=0.0 
DO 240 K=2,129 
L=130-K 
I=L+1
F1(L,2)=W*(-(Z1(I,2)*B1(I,2))+(2.0*Zl(I,2)* 
1Y1(I,2)*B1(I,2)/B2(I,2))-<Z2(I,2)*B3(I,2))) 
F2(L,2)=W*((-(Z1(I,2)-0.5*F1(L,2))*
1< <(B1<L,2)~B1(I,2))/2.0)+Bl(I,2))) + 
1(2.0*(Z1(I,2)-0.5*F1(L,2))* 
l(((Bl(L,2)-Bl(I,2))/2.0)+61(I,2))* 
l(((YT(L,2)-Yl(I,2))/2.0)+Yl(I,2))/
K ((B2(L,2)-B2(I,2))/2.0)+B2(I,2)))- 
1((((Z2(L,2)-Z2(I,2))/2.0)+Z2(I,2))*
1(((B3(L,2)-B3(I,2))/2.0)+B3(I,2)))) 
F3(L,2)=W*((-(Z1(I,2)-0.5*F2(L,2))*
1(((B1(L,2)~B1(I,2))/2.0)+Bl(i,2)))+ 
1(2.0*(Z1(I,2)-0.5*F2(L,2))*
1(((Bl(L,2)-Bl<I,2))/2.0)+Bl(I,2))* 
l(((Yl(L,2)~Yl(I,2))/2.0)+Yl(I,2))/ 
l(((B2(L,2)-B2(I,2))/2.0)+B2(I,2)))- 
K  <((Z2(L,2)-Z2(I,2))/2.0)+Z2(I,2))* 
l(((B3(L,2)-B3(I,2))/2.0)+B3(I,2))))
F4(L,2)=W*((-(Z1(1,2)-F3(L,2))* 
1B1(L,2))+(2.0*(Z1(I,2)-F3<L,2))*
1Y1(L,2)*B1<L,2)/B2(L,2))- 
1(Z2(L,2)*B3(L,2)))
Zl(L,2)=Zl(I,2)-((F1(L,2)+2.0*F2(L,2)+2.0*F3(L,2)+ 
1F4(L,2))/6.0)
240 CONTINUE
C
C CALCULATION OF THE HAMILTONIAN AND OF dH/dX
C
DO 280 K=1,129
H(K,2)=Z1(K,2)*81(K,2)*Y1<K,2)~
1Z1(K,2)*B1(K,2)*Y1(K,2)*Y1(K,2)/
C
C dH/dX1=DH1
C dH/dX2=DH2
1 0 - 6
L. a H / d X J = L I M J
c
DH1(K,2)=Z1(K,2)*Y1(K,2)*BX11(K,2)- 
1Z1(K,2)*Y1(K,2)*Y1(K,2)*BX11(K,2)/B2(K,2)+ 
1Z1(K,2)*Y1(K,2)*Y1(K,2)*B1(K,2>* 
18X21(K,2)/(B2(K,2)*B2(K,2))+
c
DH2(K,2)=Z1(K,2)*Y1(K,2)*BX12(K,2)- 
1Z1(K,2)*Y1(K,2)*Y1(K,2)*BX12(K,2)/B2(K,2)+ 
1Z1(K,2)*Y1(K,2)*Y1(K,2)*B1(K,2)* 
1BX22(K,2)/(B2(K,2)*B2(K,2))+ 
1Z2(K,2)*Y1(K,2)*BX32(K,2)- 
1Z2<K,2)*Y2(K,2)*BX42(K,2)
° DH3(K,2)=Z1(K,2)*Y1(K,2)*BX13(K,2)-
1Z2(K,2)*Y2(K,2)*BX43(K,2)
C
C STEEPEST ASCENT OF THE HAMILTONIAN
C IS dH/dX=0
H12(K,2)=H(K,2)-H(K,1) 
DH(K,2)=DH1(K,2)+DH2(K,2)+DH3(K,2)
IF(DABS(DH(K,2)).LE.(ER*ER)) X1(K,1)=X1(K,2) 
IF(DABS(DH(K,2)).LE.(ER*ER)) X2(K,1)=X2(K,2)
“ IF(DABS(DH(K,2)).LE.(ER*ER)) X3(K,1)=X3(K,2) 
IF(DABS(DH(K,2)).LE.(ER*ER)) GO TO 280
C
C IS H(K,2).LT.H(K,1)
C IF (H(K,2).LE.H(K,1)) X1(K,1)=X1(K,2)
C IF (H(K,2).LE.H(K,1)> X2(K,1)=X2(K,2)
C IF (H(K,2).LE.H(K,1)) X3(K,1)=X3(K,2)
C IF (H(K,2).LE.H(K,1)) GO TO 280
C CORRECTION OF CONTROL VARIABLES
X1(K,1)=X1(K,2)+C0N1*DH1(K,2)
X2(K,1)=X2(K,2)+C0N2*DH2(K,2) 
X3(K,1)=X3(K,2)+C0N3*DH3(K,2)
C
C PROJECTION ON THE CONSTRAINTS
IF (X1(K,1).LE.(-1.682)) X1(K,1)=X1(K,2)
IF (XI(K,1).GE.(1.682)) X1(K,1)=X1(K,2)
IF (X2(K,1).LE.(-1.682)) X2(K,1)=X2(K,2)
IF (X2(K,1).GE.(1.682)) X2(K,1)=X2(K,2)
IF <X3(K, D.LE. (-1.682) ) X3(K,1)=X3(K,2)
IF (X3(K,1).GE.(1.682)) X3(K,1)=X3(K,2)
280 CONTINUE 
C
C END OF ITERATION
KOUNT1=0.0 
DO 300 K=1,129
KOUNT1=KOUNT1+X1< K,l)+X2(K,1)+X3(K,1)
300 CONTINUE
SUM1=KOUNT1 
KOUNT2=0.0 
DO 310 K=l,129
K0UNT2=K0UNT2+X1(K,2)+X2(K,2)+X3(K,2)
310 CONTINUE
SUM2=K0UNT2 
WRITE (2,997)
997 FORMAT ( /' M SUM1 SUM2V)
WRITE(2,998)M,SUM1,SUM2
998 FORMAT(14,2 X,F12.2,2X,F12.2)
WRITE <2,999)M,DH1(1,2),DH2(1,2),DH3(1,2),DH(1,2) 
-999--FORMAT <-I4-,-2X-rFl (>. 4^2X ^ F10. 4, 2X ^ F10.4,2X, F10. 4 )
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IF (SUM1.EW.SUM2) UU TO 1010 
1000 CONTINUE
C
C TRANSFORM CONTROL VARIABLES INTO REAL UNITS
1010 DO 1040 K=l,129
T(K,l)=(Xl(K,l)*2.0)+25.1 
PH(K,l)=(X2(K,l)*0.30)+5.04 
RPM(K,l)=(X3(K,l)*30.0)+253.0 
1040 CONTINUE
C
C WRITE DOWN RESULTS
WRITE(6,1050)
1050 FORMAT!/'PROFILES'/)
WRITE<6,1060)
1060 FORMAT(/'NO. TEMP PH RPM DH ZI Z2
1 P450'/)
WRITE(6,1070)(K,T(K,1),PH(K,1),RPM(K,1),DH(K,1),Z1(K,1) 
1Z2(K,1),Y1(K,1),Y2(K,1),K=1,129)
1070 FORMAT(13,IX,F4.1,IX,F4.2,IX,F5.1,IX,F7.2,1X,F5.2
1F4.2,IX,F7.4,IX,F8.2)
STOP
END
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10.2:CYTOCHROME P-450 ASSAY.
Cytochrome P-450 was measured by a method modified 
from that of Omura and Sato (1964) where yeast was either 
suspended to a concentration of O.lg.wet weight per ml. in 
0.1M phosphate buffer pH7.2 or made up to the original 
volume of the fermentation medium using the 0.1M phosphate 
buffer pH7.2 and then divided into two cuvettes. Sodium 
dithinite was then added to both cuvettes to reduce the 
cytochrome P-450 and this was followed by scan-drawing the 
baseline from 410 to 4 90nm. on a Pye-Unicam SP1800 
spectrophotometer. Carbon monoxide gas was then bubbled 
through the sample cuvette leaving the other cuvette 
ungassed. The spectrum was then recorded again in the same 
range. The concentration of cytochrome P-450 was calculated 
from the difference in absorbance between 450nm. and 49 0nm. 
with reference to the base line, assuming the same 
extinction coefficients as for the mammalian cytochrome 
P-450 of 91mM~*cm"**. The calculation was done by 
using a technique based on the Beer-Lambert law:
"Â^E(C0NC)1 ---- — ^ 9.2.1
where A=absorbance,
E ^extinction coefficient,
(CONC)=concn. of cytochrome P-45 0 in mM, 
l=path length (=lcm.).
Since the extinction coefficient is in mM~ * cm- *, the 
concentration of cytochrome P-450 is in mM and the path 
length is in cm., A becomes dimensionless. Absorbance A is 
measured by the spectrophotometer. If the span is set at 
0.0-0.2 and the chart paper is divided into 100 divisions 
as in this case, then one division on the chart paper gives
0.002 absorbance A. Absorbance A is given by the difference 
between the cytochrome P-450 and the base line between 
450nm. and 490nm. The concentration of cytochrome P-450 in 
mM. is given by
CONC = A = Absorbance — — —  ---   9.2.2
1 91x1
= (no. of divisions ) xO . 002  — - 9.2.3
10-9
6
To convert from mM. to nmol, per litre we multiply by 10
( GONG) ;= (no. of divisions)x2xl03      9.2.4
. 91
To convert to nmol. per g. wet yeast given a suspension of
O.lg/ml we multiply 9»2.3 by 104 .
In view of the possibility of non-instanteneous 
reduction of cytochrome P-450 by sodium dithionite, each 
' sample would be scanned a few times in time until no^ 
further increase in the peak value is detected (Ando and 
Horie,1971,Azari and Wiseman,1981).
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